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The subject matter of electronics may be divided into two broad categories: the application of physical 
properties of materials in the development of electronic control devices and the utilization of electronic 
control devices in circuit applications. The emphasis in this book is on the latter category, beginning 
with the terminal characteristics of electronic control devices. Other topics are dealt with only as 
necessary to an understanding of these terminal characteristics. 

This book is designed to supplement the text for a first course in electronic circuits for engineers. It 
will also serve as a refresher for those who have previously taken a course in electronic circuits. 
Engineering students enrolled in a nonmajors' survey course on electronic circuits will find that portions 
of Chapters 1 to 7 offer a valuable supplement to their study. Each chapter contains a brief review of 
pertinent topics along with governing equations and laws, with examples inserted to immediately clarify 
and emphasize principles as introduced. As in other Schaum's Ovitlines, primary emphasis is on the 
solution of problems; to this end, over 350 solved problems are presented. 

Three principal changes are introduced in the second edition. SPICE method solutions are presented 
for numerous problems to better correlate the material with current college class methods. The first- 
edition Chapter 13 entitled "Vacuum Tubes" has been eliminated. However, the material from that 
chapter relating to triode vacuum tubes has been dispersed into Chapters 4 and 7. A new Chapter 10 
entitled "Switched Mode Power Supphes" has been added to give the reader exposure to this important 
technology. 

SPICE is an acronym for Simulation Program with Integrated Circuit Emphasis. It is commonly 
used as a generic reference to a host of circuit simulators that use the SPICE2 solution engine developed 
by U.S. government funding and, as a consequence, is public domain software. PSpice is the first 
personal computer version of SPICE that was developed by MicroSim Corporation (purchased by 
OrCAD, which has since merged with Cadence Design Systems, Inc.). As a promotional tool, Micro- 
Sim made available several evaluation versions of PSpice for free distribution without restriction on 
usage. These evaluation versions can still be downloaded from many websites. Presently, Cadence 
Design Systems, Inc. makes available an evaluation version of PSpice for download by students and 
professors at www.orcad.com/Products/SimuIationlPSpice/eval.asp. 

The presentation of SPICE in this book is at the netlist code level that consists of a collection of 
element-specification statements and control statements that can be compiled and executed by most 
SPICE solution engines. However, the programs are set up for execution by PSpice and, as a result, 
contain certain control statements that are particular to PSpice. One such example is the .PROBE 
statement. Probe is the proprietary PSpice plot manager which, when invoked, saves all node voltages 
and branch currents of a circuit for plotting at the user's discretion. Netlist code for problems solved by 
SPICE methods in this book can be downloaded at the author's website www.engr.uky.edu/~cathey. 
Errata for this book and selected evaluation versions of PSpice are also available at this website. 

The book is written with the assumption that the user has some prior or companion exposure to 
SPICE methods in other formal course work. If the user does not have a ready reference to SPICE 
analysis methods, the three following references are suggested (pertinent version of PSpice is noted in 
parentheses): 

1. SPICE: A Guide to Circuit Simulation and Analysis Using PSpice, Paul W. Tuinenga, Prentice- 
Hall, Englewood Cliffs, NJ, 1992, ISBN 0-13-747270-6 (PSpice 4). 
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Basic Engineering Circuit Analysis, 6/e, J. David Irwin and Cliwan-Hwa Wu, Jolm Wiley & 
Sons, New York, 1999, ISBN 0-471-36574-2 (PSpice 8). 

Basic Engineering Circuit Analysis, 7/e, J. David Irwin, Jolin Wiley & Sons, New York, 2002, 
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Circuit Analysis: Port 

Point of View 



1.1. INTRODUCTION 

Electronic devices are described by their nonlinear terminal voltage-current characteristics. Circuits 
containing electronic devices are analyzed and designed either by utilizing graphs of experimentally 
measured characteristics or by linearizing the voltage-cvirrent characteristics of the devices. Depending 
upon applicability, the latter approach involves the formulation of either small-perturbation equations 
valid about an operating point or a piecewise-linear equation set. The linearized equation set describes 
the circuit in terms of its interconnected passive elements and independent or controlled voltage and 
current sources; formulation and solution require knowledge of the circuit analysis and circuit reduction 
principles reviewed in this chapter. 



1.2. CIRCUIT ELEMENTS 

The time-stationary (or constant- value) elements of Fig. 1-1 (fl) to (c) (the resistor, inductor, and 
capacitor, respectively) are called passive elements, since none of them can continuously supply energy to 
a circuit. For voltage v and current i, we have the following relationships: For the resistor, 



Ri 



Gv 



(1.1) 



where R is its resistance in ohms (fi), and G : 
known as Ohm's law. For the inductor, 

di 

v = L- 
dt 



i/R is its conductance in Siemens (S). Equation {1.1) is 



where L is its inductance in henrys (H). For the capacitor. 



1 

C 



idr 



vdr 



dv 
^ dt 



{1.2) 



(1.3) 



where C is its capacitance in farads (F). If R, L, and C are independent of voltage and current (as 
well as of time), these elements are said to be linear: Multiplication of the current through each by a 
constant will result in the multiplication of its terminal voltage by that same constant. (See Problems 1 . 1 
and 1.3.) 
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The elements of Fig. l-l(rf) to (/?) are called active elements because each is capable of continuously 
supplying energy to a network. The ideal voltage source in Fig. l-l(t/) provides a terminal voltage v that 
is independent of the current / through it. The ideal current source in Fig. I-l(e) provides a current / that 
is independent of the voltage across its terminals. However, the controlled (or dependent) voltage source 
in Fig. 1-1(/) has a terminal voltage that depends upon the voltage across or current through some other 
element of the network. Similarly, the controlled (or dependent) current source in Fig. l-l(g') provides a 
current whose magnitude depends on either the voltage across or current through some other element of 
the network. If the dependency relation for the voltage or current of a controlled source is of the first 
degree, then the source is called a linear controlled (or dependent) source. The battery or dc voltage 
source in Fig. 1-1(/!) is a special kind of independent voltage source. 




(a) (b) (c) (d) (e) if) (g) (h) 

Fig. 1-1 



1.3. SPICE ELEMENTS 

The passive and active circuit elements introduced in the previous section are all available in 
SPICE modeling; however, the manner of node specification and the voltage and current sense or 
direction are clarified for each element by Fig. 1-2. The universal ground node is assigned the 
number 0. Otherwise, the node numbers «i (positive node) and «2 (negative node) are positive integers 
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selected to uniquely define each node in the network. The assumed direction of positive current flow is 
from node to node «2- 

The four controlled sources — voltage-controlled voltage source (VCVS), current-controlled voltage 
source (CCVS), voltage-controlled current source (VCCS), and current-controlled current source 
(CCCS) — have the associated controlhng element also shown with its nodes indicated by c«i (positive) 
and c«2 (negative). Each element is described by an element specification statement in the SPICE netlist 
code. Table 1-1 presents the basic format for the element specification statement for each of the 
elements of Fig. 1-2. The first letter of the element name specifies the device and the remaining 
characters must assure a unique name. 



Table 1-1 



Element 


Name 


Signal Type 


Control Source 


Value 


Resistor 


R- 






Q. 


Inductor 


L- 






H 


Capacitor 


C- 






F 


Voltage source 


V- 


AC or DC" 




v" 


Current source 


I- 


AC or DC" 




A" 


VCVS 


E" 




(c«i , cn-i) 


V/V 


CCVS 


H-- 




V- 


V/A 


VCCS 


G- ■ 




((7/1 . 17(2) 


A V 


CCCS 


p.. 




V- 


A/A 


a. Time-varying signal types (SIN, PULSE, EXP, PWL, SFFM) also available. 

b. AC signal types may specify phase angle as well as magnitude. 



1.4. CIRCUIT LAWS 

Along with the three voltage-current relationships (7.7) to (7.5), KirchhoflTs laws are sufficient to 
formulate the simultaneous equations necessary to solve for all currents and voltages of a network. (We 
use the term network to mean any arrangement of circuit elements.) 

Kirchhojf s voltage law (KVL) states that the algebraic sum of all voltages around any closed loop of a 
circuit is zero; it is expressed mathematically as 

^t;, = 0 {1.4) 

k=l 

where n is the total number of passive- and active-element voltages around the loop under consideration. 

Kirchhoff's current law (KCL) states that the algebraic sum of all currents entering every node (junc- 
tion of elements) must be zero; that is 

m 

k=\ 

where m is the total number of currents flowing into the node under consideration. 
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1.5. STEADY-STATE CIRCUITS 

At some (sufficiently long) time after a circuit containing linear elements is energized, the voltages 
and currents become independent of initial conditions and the time variation of circuit quantities 
becomes identical to that of the independent sources; the circuit is then said to be operating in the 
steady state. If all nondependent sources in a network are independent of time, the steady state of the 
network is referred to as the dc steady state. On the other hand, if the magnitude of each nondependent 
source can be written as K sin (cot + 0), where K is a. constant, then the resulting steady state is known as 
the sinusoidal steady state, and well-known frequency-domain, or phasor, methods are applicable in its 
analysis. In general, electronic circuit analysis is a combination of dc and sinusoidal steady-state 
analysis, using the principle of superposition discussed in the next section. 



1.6. NETWORK THEOREMS 

A linear network (or linear circuit) is formed by interconnecting the terminals of independent (that is, 
nondependent) sources, hnear controlled sources, and linear passive elements to form one or more closed 
paths. The superposition theorem states that in a linear network containing multiple sources, the voltage 
across or current through any passive element may be found as the algebraic sum of the individual voltages or 
currents due to each of the independent sources acting alone, with all other independent sources deactivated. 

An ideal voltage source is deactivated by replacing it with a short circuit. An ideal current source is 
deactivated by replacing it with an open circuit. In general, controlled sources remain active when the 
superposition theorem is apphed. 

Example 1.1. Is the network of Fig. 1-3 a linear circuit? 

The definition of a linear circuit is satisfied if the controlled source is a linear controlled source; that is, if o: is a 
constant. 

'1 i?i i?3 _ '3 




Fig. 1-3 



Example 1.2. For the circuit of Fig. 1-3, v, = lOsinw/V, = lOV, = R2 = = \ Q., and a = Q. Find 
current /2 by use of the superposition theorem. 

We first deactivate by shorting, and use a single prime to denote a response due to alone. Using the 
method of node voltages with unknown v'2 and summing currents at the upper node, we have 

1), — V2 v{ ^ V2 

R\ Ri R3 
Substituting given values and solving for V2, we obtain 

Then, by Ohm's law, 

/^=^=i|^sint«/A 
' Ri ' 



CHAP. 1] 



CIRCUIT ANALYSIS: PORT POINT OF VIEW 



5 



Now, deactivating u, and using a double prime to denote a response due to Vj, alone, we have 



'3 = 



R3 + Ri\\Ri 



where 
so that 

Then, by current division. 
Finally, by the superposition theorem. 



R,\\R2-: 



RI + R2 



13 = 



R, 



10 _20 



'2 = 



_ 1 _ 1 20 _ 10 



h ~ '2 + '2 



10 



(1 + sinto/) A 



Terminals in a network are usvially considered in pairs. A port is a terminal pair across which a 
voltage can be identified and such that the current into one terminal is the same as the current out of the 
other terminal. In Fig. 1-4, if /] = io, then terminals 1 and 2 form a port. Moreover, as viewed to the 
left from terminals 1 ,2, network A is 'd one-port network. Likewise, viewed to the right from terminals 
1,2, network _S is a one-port network. 





1 




Linear 
network 


'1 


Network 
B 


A 






2 









1 










Network 
B 


) 






2 





Network 
B 



Fig. 1-4 



(c) 



Thevenin's theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4 (a) 
can be replaced at terminals 1,2 with an equivalent series-connected voltage source Vjh <^nd impedance Zjy, 
(= R^^ + jX-j-f,) as shown in Fig. 1-4 (b). Vj-/, is the open-circuit voltage of network A at terminals 1,2 and 
Zjij is the ratio of open-circuit voltage to short-circuit current of network A determined at terminals 1,2 with 
network B disconnected. If network A or B contains a controlled source, its controlling variable must be in 
that same network. Alternatively, Zji, is the equivalent impedance looking into network A through 
terminals 1,2 with all independent sources deactivated. If network A contains a controlled source, .^77, is 
found as the driving-point impedance. (See Example 1.4.) 

Example 1.3. In the circuit of Fig. 1-5, = 4V, = 2A, A, = 2S2, and = 3Q. Find the Thevenin 
equivalent voltage V-pi, and impedance Zj), for the network to the left of terminals 1,2. 



-vw- 



rt2 ) 



•0 0^ 



Fig. 1-5 
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With terminals 1,2 open-circuited, no current flows through R2; thus, by KVL, 

Vn = K,2 ^ Vj+IjRt^4 + (2)(2) = 8 V 

The Thevenin impedance Zj-;, is found as the equivalent impedance for the circuit to the left of terminals 1,2 with the 
independent sources deactivated (that is, with replaced by a short circuit, and replaced by an open circuit): 



Example 1.4. In the circuit of Fig. l-6(«), = 4V, a- = 0.25 A/V, Ri^in, and R2^3Q. Find the Thevenin 
equivalent voltage and impedance for the network to the left of terminals 1,2. 




With terminals 1,2 open-circuited, no current flows through R2. But the control variable for the voltage- 
controlled dependent source is still contained in the network to the left of terminals 1,2. Application of KVL yields 



Va 4 

so that Vn = — = z = 8 V 

1 - ai?, 1 - (0.25)(2) 

Since the network to the left of terminals 1,2 contains a controlled source, Zj,, is found as the driving-point 
impedance Vjp/Idp, with the network to the right of terminals 1,2 in Fig. \-6{a} replaced by the driving-point source 
of Fig. 1-6(6) and deactivated (short-circuited). After these changes, KCL applied at node a gives 

/, =«Krfp-h/,,p (1.6) 

Application of KVL around the outer loop of this circuit (with still deactivated) yields 

Vdp^IdpRi+IiRi (.1.7) 

Substitution of (1.6) into (1.7) allows solution for Z7./, as 

_V,p_ R,+R2 _ 2 + 3 _ 
^™-/,, -l-«i?.-l-(0.25)(2)-'"'' 

Norton's theorem states that an arbitrary linear, one-port network such as network A in Fig. 1-4 (a) 
can be replaced at terminals 1,2 by an equivalent parallel-connected current source If^ and admittance Yf^ as 
shown in Fig. 1-4 ( c). Iff is the short-circuit current that flows from terminal 1 to terminal 2 due to network 
A, and Yj^ is the ratio of short-circuit current to open-circuit voltage at terminals 1,2 with network B 
disconnected. If network A or B contains a controlled source, its controlling variable must be in that same 
network. It is apparent that Y^, = l/Z^/,; thus, any method for determining Z77, is equally vahd for 
finding 7^. 
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Example 1.5. Use SPICE methods to determine the Thevenin equivalent circuit looking to the left through 
terminals 3,0 for the circuit of Fig. 1-7. 



0.1 F, 




In SPICE independent source models, an ideal voltage source of 0 V acts as a short circuit and an ideal current 
source of 0 A acts as an infinite impedance or open circuit. Advantage will be taken of these two features to solve 
the problem. 

Load resistor R/^ of Fig. l-7(a) is replaced by the driving point current source /^^ of Fig. \-l(h). The netlist code 
that follows forms a SPICE description of the resulting circuit. The code is set up with parameter-assigned values 
for V\, I2, and Ijp. 



Exl_5 . CIR - Thevenin equivalent circuit 

.PARAM Vlvalue = OV I2value=0A Idpvalue = lA 

VI 1 0 DC {Vlvalue} 

Rl 1 2 lohm 

12 0 2 DC {I2value> 

R2 2 0 3 ohm 

R3 2 3 5ohm 

G3 2 3 (1,0) 0.1 ; Voltage-controlled current -source 

Idp 0 3 DC {Idpvalue} 

.END 



If both V[ and /2 are deactivated by setting V 1 value = I2value = 0, current Ijp = 1 A must flow through the Thevenin 
equivalent impedance Zjy, = Rj-i, so that ?;3 = I^pRji, ~ Rn- Execution of <Exl_5.CIR> by a SPICE program 
writes the values of the node voltages for nodes 1, 2, and 3 with respect to the universal ground node 0 in a file 
< Exl_5.0UT > . Poll the output file to find V3 = V(3) = Rn = 5.75 Q. 

In order to determine Vj-i, (open-circuit voltage between terminals 3,0), edit <Exl_5.CIR> to set 
Vlvalue =10V, I2value = 2A, and Idpvalue = OA. Execute <Exl_5.CIR> and poU the output file to find 
|/„, = i'3=V(3) = 14V. 



Example 1 .6. Find the Norton equivalent current Ifj and admittance Yj^, for the circuit of Fig. 1-5 with values as 
given in Example 1.3. 

The Norton current is found as the short-circuit current from terminal 1 to terminal 2 by superposition; it is 

Ifj ~ I\T ~ current due to Va + current due to I a — \ 

" " '* Rt+R2 R,+R2 

= 2T3 + 2T3^^-''^ 
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The Norton admittance is found from tlie result of Example 1.3 as 

y„ = -^ = J = o.2S 

We shall sometimes double-subscript voltages and currents to show the terminals that are of interest. 
Thus, is the voltage across terminals 1 and 3, where terminal 1 is at a higher potential than terminal 
3. Similarly, 7] 3 is the current that flows from terminal 1 to terminal 3. As an example, in Fig. i-6(a) 
could be labeled V\2 (but not F21). 

Note also that an active element (either independent or controlled) is restricted to its assigned, or 
stated, current or voltage, no matter what is involved in the rest of the circuit. Thus the controlled 
source in Fig. l-6(fl) will provide aVj^A no matter what voltage is required to do so and no matter what 
changes take place in other parts of the circuit. 



1.7. TWO-PORT NETWORKS 

The network of Fig. 1-8 is a two-port network if /; = // and I2 = li- It can be characterized by the 
four variables Fj, V2,I\, and I2, only two of which can be independent. If and V2 are taken as 
independent variables and the linear network contains no independent sources, the independent and 
dependent variables are related by the open-circuit impedance parameters (or, simply, the z parameters) 
Z|i, z\2, Z2[, and Z22 through the equation set 

Fi =zn/i+zi2/2 {1.8) 

V2 = Z2xh+Z22l2 il-9) 




Fig. 1-8 



Each of the z parameters can be evaluated by setting the proper current to zero (or, equivalently, by 
open-circuiting an appropriate port of the network). They are 



Z22 ■ 



h 

h 
V2 
h 
V2 
h 



/,=0 



(7.70) 
(7.77) 
(7.72) 
(7.75) 



In a similar manner, if Vi and 72 are taken as the independent variables, a characterization of the 
two-port network via the hybrid parameters (or, simply, the h-parameters) results: 



Fi =/7i,7i +/2,2K2 

h = huh + h22V2 



(1.14) 
{1.15) 
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Two of the h parameters are determined by short-circuiting port 2, while the remaining two parameters 
are found by open-circuiting port 1: 



h\2 



h 



K2=0 



/,=0 



{1.16) 
(LIT) 



h 
h 



/i=0 



(1.18) 
(1.19) 



Example 1.7. Find the z parameters for the two-port network of Fig. 1-9. 
With port 2 (on the right) open-circuited, /2 = 0 and the use of (1.10) gives 



-RA(Ri + Ri 



/,=o 



R^Ri + R}) 
Ri+R2 + Rj 




Fig. 1-9 



Also, the current lj(2 flowing downward through R2 is, by current division. 



Ipj — ■ 



R1+R2 + R} 



But, by Ohm's law. 



Hence, by (1.12), 



Vt — 1d')R-} 



Z21 



Ri + R2 + Ri 



Rt+R2 + Ri 



Similarly, with port 1 open-circuited, I] — 0 and (1.13) leads to 

V2 



Z22 ■ 



^2(^1 + ^3) 

= R2\\(Ri + R3) = 
/,=o Rt+R2 + R3 



The use of current division to find the current downward through Ri yields 

Ri+R2 + R3 ' 



and Ohm's law gives 
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Thus, by (1.11), 



Zi2 =■ 



/,=o R1+R2 + R3 



Example 1.8. Find the h parameters for the two-port network of Fig. 1-9. 
With port 2 short-circuited, K2 = 0 and, by (1.16), 



flu =- 



K2=0 -'^1 + "3 



By current division, 



so that, by (1.18), 



^2=0 ''^l + ^3 



If port 1 is open-circuited, voltage division and (1.17) lead to 



and 



hi = 



^1 

/,=0 ^1 + -'^3 



Finally, A22 is the admittance looking into port 2, as given by (1.19): 

h 



hi2 = 



1 _ Ri+R2 + Ri 

/,=0 ~ -^211(^1 + ^3) ~ ^2(^1 + Ri) 



The z parameters and the h parameters can be numerically evaluated by SPICE methods. In electron- 
ics applications, the z and h parameters find application in analysis when small ac signals are impressed on 
circuits that exhibit limited-range linearity. Thus, in general, the test sources in the SPICE analysis should 
be of magnitudes comparable to the impressed signals of the anticipated application. Typically, the 
devices used in an electronic circuit will have one or more dc sources connected to bias or that place the 
device at a favorable point of operation. The input and output ports may be coupled by large capacitors 
that act to block the appearance of any dc voltages at the input and output ports while presenting neghgible 
impedance to ac signals. Further, electronic circuits are usually frequency-sensitive so that any set of z or /j 
parameters is valid for a particular frequency. Any SPlCE-based evaluation of the z and h parameters 
should be capable of addressing the above outhned characteristics of electronic circuits. 



Example 1 .9. For the frequency-sensitive two-port network of Fig. l-lO(a), use SPICE methods to determine the z 
parameters stxitable for use with sinusoidal excitation over a frequency range from 1 kHz to 10 kHz. 

The z parameters as given by (1.10) to (1.13), when evaluated for sinusoidal steady-state conditions, are formed 
as the ratios of phasor voltages and currents. Consequently, the values of the z parameters are complex numbers 
that can be represented in polar form as zy = zijl(f>ij. 

For determination of the z parameters, matching terminals of the two sinusoidal current sources of Fig. 1-10(6) 
are connected to the network under test of Fig. l-lO(a). The netUst code below models the resulting network with 
parameter-assigned values for /i and I^. Two separate executions of < Exl_9.CIR > are required to determine all 
four z parameters. The .AC statement specifies a sinusoidal steady-state solution of the circuit for 11 values of 
frequency over the range from 10 kHz to 100 kHz. 
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®» If T 'WV 



c„ =mfiF /c„ 




® ® 



® ® 





Fig. 1-10 



Exl_9 . CIR - z-parameter evaluation 
.PARAM Ilvalue = lmA I5value = 0mA 
II 0 1 AC {Ilvalue} 

RIO 1 0 ITohm ; Large resistor to avoid float ing node 

Ci 1 2 lOOuF 

RB 2 3 lOkohm 

VB 0 3 DC lOV 

Rl 2 4 Ikohm 

R2 4 0 Skohm 

C2 4 0 0.05uF 

Co 5 4 lOOuF 

15 0 5 AC {ISvalue} 

R50 5 0 ITohm ; Large resistor to avoid floating node 

.AC LIN 11 lOkHz lOOkHz 

.PROBE 

.END 



The values of RIO and R50 are sufficiently large (1 x 10 f^) so that /i — Id and /j — I^o- If source 1^ is 
deactivated by setting ISvalue = 0 and Ilvalue is assigned a small value (i.e., 1 mA), then and Z2\ are determined 
by {1.10) and (1-12), respectively. < Exl_9.CIR> is executed and the probe feature of PSpice is used to graphically 
display the magnitudes and phase angles of and in Fig. l-ll(fl). Similarly, /[ is deactivated and /s is assigned 
a smaU value (Ilvalue = 0, ISvalue = 1mA) to determine the values of and Z22 by (l-H) and (1.13), respectively. 
Execution of < Exl_9.CIR> and use of the Probe feature of PSpice results in the magnitudes and phase angles of 
Z12 and Z22 as shown by Fig. 1-1 1(Z)). 



Example 1.10. Use SPICE methods to determine the h parameters suitable for use with sinusoidal excitation at a 
frequency of 10 kHz for the frequency-sensitive two-port network of Fig. l-lO(a). 

The /; parameters of (1.16) to (1.19) for sinusoidal steady-state excitation are ratios of phasor voltages and 
currents; thus the values are complex numbers expressible in polar form as fiy = hijl<pij. 

Connect the sinusoidal voltage source and current source of Fig. l-lO(c) to the network of Fig. l-lO(fl). The 
netlist code below models the resulting network with parameter-assigned values for /| and F5. Two separate 
executions of <Exl_10.CIR> are required to produce the results needed for evaluation of all four h parameters. 
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1.0 K 



0.9 K 




Vmd) /Im(Ci) 



0 d- 



-20 d- 



ang zll 



400 



□ Vp(l) -lp(Ci) 



-80 d 



SEL» ; 
-90 d + . 

0 Hz 50 KHz 

o Vp(5)-Ip(Ci) 




100 KHz 



Frequency 



400 




-80 d 



-90 d + . 

0 Hz 50 KHz 

□ Vp(5)-Ip(Co) 



Frequency 
Fig. 1-11 



100 KHz 
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Through use of the .PRINT statement, both magnitudes and phase angles of Vi, F5, la, and Ic„ are written to 
< Exl_10.OUT > and can be retrieved by viewing of the file. 



Exl_10.CIR - h-parameter evaluation 




.PARAM Ilvalue=OmA V5value = lmV 




11 0 1 AC {Ilvalue} 




RIO 1 0 ITohm ; Large resistor to avoid floating node 


Ci 1 2 lOOuF 




KB 2 3 lOkohm 




VB 0 3 DC lOV 




Rl 2 4 Ikohm 




R2 4 0 5kohm 




C2 4 0 0.05uF 




Co 5 4 lOOuF 




V5 5 0 AC {V5value> 




.AC LIN 1 lOkHz lOkHz 




. PRINT AC Vm ( 1 ) Vp ( 1 ) Im ( C i ) Ip ( C i ) ; 


Mag & phase of inputs 


.PRINT AC Vm(5) Vp(5) Im(Co) Ip(Co) ; 


Mag & phase of outputs 


.END 





Set V5value = 0 (deactivates F5) and Ilvalue = 1mA. Execute <Exl_10.CIR> and retrieve the necessary 
values of Ki, /q-, and Ico to calculate hn and A21 by use of and (1.18). 

hn = ^(Vp(l) - Ip(Ci)) - Z(-0.02° + 0°) = 909. IZ - 0.02° 



Im(Co) , , 9.08 X 10"'' 

L Ip Co - Ip Ci = — 

Im(Ci) 1 X 10 



*2i = TZ77^ ^(Ip(Co) - Ip(Ci)) s \ ,^_3 Z(-180° + 0°) = 0.908 Z - 180° 



Set V5value= ImV and I lvalue = 0 (deactivates /i). Execute <Exl_10.CIR> and retrieve the needed values of 
Fi, F5, and Ic„ to evaluate A12 and A22 by use of (J.IT) and {1.19). 



Vm(l) 

■ Vm(5) r^-"- 1x10- 



A21 = ^^^^ Z(Vp(l) - Vp(5)) s ,^_3 Z(0° - 0°) = 0.908Z0° 



*22 = /(Ip(Co) - Vp(5)) - ^^^^'^^ ' m-r - 0°) = 3.15 X 10-' Z84.7° 



1.8. INSTANTANEOUS, AVERAGE, AND RMS VALUES 



The instantaneous value of a quantity is the value of that quantity at a specific time. Often we will be 
interested in the average value of a time-varying quantity. But obviously, the average value of a 
sinusoidal function over one period is zero. For sinusoids, then, another concept, that of the root-mean- 
square (or rms) value, is more useful: For any time-varying function /(/) with period T, the average value 
over one period is given by 

1 eh+T 



f{t)dt 



{1.20) 



and the corresponding rms value is defined as 



f\t)dt 



{1.21) 



where, of course, Fq and F are independent of t^. The motive for introducing rms values can be 
gathered from Example 1.12. 
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Example 1.11. Since the average value of a sinusoidal function of time is zero, the half-cycle average value, which 
is nonzero, is often useful. Find the half-cycle average value of the current through a resistance R connected 
directly across a periodic (ac) voltage source v{l) = K„ sin a>t. 
By Ohm's law, 

i(t) — — — smo)/ 

^ ' R R 

and from (1.20), applied over the half cycle from = 0 to T/1 — jr, 

I r V IV 2 V 

/o = - -f Ana>tdiayt) = - co,a,t]l,^, = (1.22) 



Example 1.12. Consider a resistance R connected directly across a dc voltage source V^^. The power absorbed by 
R is 



Now replace V^^ with an ac voltage source, v(t) — V„, sin wt. The instantaneous power is now given by 



(1.23) 



P(t) ^"^^^ sin' wt (1.24) 



Hence, the average power over one period is, by (1.20), 



1 v' o v' 

Po = — — sm^ cot d(cot) = — (1.25) 
° 27r Jo ^ ' 2R ^ ^ 



Comparing (1.23) and (1.25), we see that, insofar as power dissipation is concerned, an ac source of amplitude V,„ is 
equivalent to a dc source of magnitude 



V2 ir 



T 

2 



v\l)clt=V (1.26) 



For this reason, the rms value of a sinusoid, V — V,„l\fl, is also called its effective value. 

From this point on, unless an explicit statement is made to the contrary, all currents and voltages in the 
frequency domain (phasors) will reflect rms rather than maximum values. Thus, the time-domain voltage 
v(t) — V,„ cos(a)t + (j>) will be indicated in the frequency domain as F = V\(j), where V — V„,l\fl. 



Example 1.13. A sinusoidal source, a dc source, and a 10f2 resistor are connected as shown by Fig. 1-12. If 
Vs = I0sm(cot — 30°) V and Vg = 20 V, use SPICE methods to determine the average value of /(/q), the rms value of 
/(/), and the average value of power (Pq) supplied to R. 




ff = ion 



Fig. 1-12 



The nethst code below describes the circuit. Notice that the two sources have been combined as a 10 V 
sinusoidal source with a 20-V dc bias. The frequency has been arbitrarily chosen as 100 Hz as the solution is 
independent of frequency. 
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Exl_13 . CIR - Avg S rms current , avg power 
vsVB 1 0 SIN(20V lOV lOOHz 0 0 -30deg) 
R 10 lOohm 
.PROBE 

. TRAN 5us 10ms 
.END 



The Probe feature of PSpice is used to display the instantaneous values of i(t) and puit). The running average 
and running RMS features of PSpice have been implemented as appropriate. Both features give the correct full- 
period values at the end of each period of the source waveform. Figure 1-13 shows the marked values as Iq = 2.0 A, 
/ = 2. 121 3 A, and Pq = 45.0 W. 

4.0 A-| -- -| 




0 A-i - 

□ AVG (I (R) ) o I (R) 
4.0 Ay-- 




0 A-i 

□ RMS (I (R) ) » I (R) 
100 W-| 




0 s 5 ms 10 ms 

□ AVG(V(1)*I(R)) o V(l)* I(R) 
Time 

Fig. 1-13 



Solved Problems 



1.1 Prove that the inductor element of Fig. l-l(ft) is a linear element by showing that (1.2) satisfies the 
converse of the superposition theorem. 

Let /'i and 12 be two currents that flow through the inductors. Then by (7.2) the voltages across the 
inductor for these currents are, respectively, 

^1 = ^ j7 ^2 = i -1- (1) 
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Now suppose /■ = kill + /j2'2i where and ko are distinct arbitrary constants. Tlien by (1.2) and (/), 

Since (2) liolds for any pair of constants {ki , k2), superposition is satisfied and the element is linear. 

1.2 If /?i = 5 Q., i?2 = 10 ^, K, = 10 V, and /, = 3 A in the circuit of Fig. 1-14, find the current ; by 
using the superposition theorem. 




With deactivated (open-circuited), KVL and Ohm's law give the component of due to K, as 

■' -. 0.667 A 



R1+R2 5 + 10 

With Kj deactivated (short-circuited), current division determines the component of / due to I/. 

= — = — 3=1A 
Ri+R2 5+ 10 

By superposition, the total current is 

/■ = /' + /■" = 0.667+ 1 = 1.667 A 



1.3 In Fig. 1-14, assume all circuit values as in Problem 1.2 except that R2 = 0.25/ J^. Determine the 
current / using the method of node voltages. 

By (1.1), the voltage-current relationship for R2 is 

Vah = Rii = (0.25/)(;) = 0.25!^ 
so that ;■ — (7) 

Applying the method of node voltages at a and using (7), we get 



^1 

Rearrangement and substitution of given values lead to 

"a* + lOxAw^- 25 = 0 
Letting — v^i, and applying the quadratic formula, we obtain 

-10 ± 7(10)2 -4(-25) 

^ = 2.071 or - 12.071 



2 

The negative root is extraneous, since the resulting value of v^/, would not satisfy KVL; thus, 
D„j = (2.071)2 = 4.289 V and / = 2 x 2.071 = 4.142 A 
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Notice that, because the resistance is a function of current, the circuit is not linear and the superposition 
theorem cannot be applied. 

1.4 For the circuit of Fig. 1-15, find v„i, if {a) k = 0 and (h) k = 0.01. Do not use network 
theorems to simplify the circuit prior to solution. 



© c 500 Q 



® 



10 v( 



9 *""*Y' < 


y 100 Q< 

/lOOi 


+ 


> i?i= 100 Q 


d 


® 


Fig. 1-15 


b 





(a) For ^ = 0, the current can be determined immediately with Ohm's law: 

,- = iO, = 0.02A 

Since the output of the controlled current source flows through the parallel combination of two 100-f^ 
resistors, we have 



V,, = -(1000(10011100) = -100 X 0 02 'j^'^^^ -lOOV 



{1) 



(h) With k / 0, it is necessary to solve two simultaneous equations with unknowns ; and v^i,. Around the 
left loop. KVL yields 



With / unknown, (J) becomes 



O.Olvai, + 500/ = 10 
v„i, + 5000/ = 0 



(2) 
(3) 



Solving (2) and (3) simultaneously by Cramer's rule leads to 

50,000 



■"ah = 



10 500 
0 5000 



0.01 500 
1 5000 



-450 



= -111.1 V 



1.5 For the circuit of Fig. 1-15, use SPICE methods to solve for v^h if (a) A: = 0.001 and 
(h) k = 0.05. 

(a) The SPICE nethst code for k = 0.001 follows: 



Prb . 1_5 . CIR 

Vs 1 0 DC lOV 
Rl 1 2 SOOohm 

E 2 0(3,0) 0.001 ; Last entry is value of k 

F 0 3 Vs 100 

R2 3 0 lOOohm 

RL 3 0 lOOohm 

.DC Vs 10 10 1 

.PRINT DC V(3) 

.END 



Execute <Prbl_5.CIR> and poll the output file to find v^/, = K(3) = -101 V. 
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{h) Edit <Prbl_5.CIR> to set A' = 0.05, execute the code, and poll the output file to find 
K(3) = -200V. 



1.6 For the circuit of Fig. 1-16, find by the method of node voltages if (a) a = 0.9 and (b) a = 0. 



— AV 

R, = IQ + 



Fig. 1-16 



(a) With V2 and v^i, as unknowns and summing currents at node c, we obtain 

^2 - ^.1 _,_ ^ _,_ "2 - Vch ^ 0 

R\ R2 



But 



Substituting (2) into (1) and rearranging gives 
/I - a 1 1 \ 



IJ, - V2 



l-a 



Now, summation of currents at node a gives 

Substituting (2) into (4) and rearranging yields 

1 a 



1 1 



R, 



R, 



Substitution of given values into (3) and (J) and application of Cramer's rule finally yield 

1.91), 



2.1 O.li), 
-0.1 0.%, 



and by Ohm's law, 



2.1 -1 
-0.1 1.1 



2.21 



■ = 0.85971-, 



Rl 



10 



■ = 0.08597i;, A 



(^) 
(2) 

(3) 

{4) 

{S) 



(h) With the given values (including a — Q) substituted into (J) and (J), Cramer's rule is used to find 



3 Vs 

-1 0 

3 -1 

-1 1.1 



= 0.4348^ 

2.3 
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Then /^^ is again found witli Oiim's law: 

v^i, 0.4348U, 



R, 



10 



= 0.04348D, A 



1.7 If F, = 10 V, V2 = 15 V, i?i = 4S^, and i?2 = 6 in the circuit of Fig. 1-17, find the Thevenin 
equivalent for the network to the left of terminals a, b. 




Fig. 1-17 



With terminals a, h open-circuited, only loop current / flows. Then, by KVL, 

K, - IRi = ¥2 + IR2 



so that 



Ri+R2 4 + 6 

The Thevenin equivalent voltage is then 

Vt„ = Kt = - IR, = 10 - (-0.5)(4) = 12V 

Deactivating (shorting) the independent voltage sources Ki and V2 gives the Thevenin impedance to the left 
of terminals a, h as 

Z„,.^„,.^,||«. = ^^ = ^ = 2.4Q 
^ ^^1+^2 4-1-6 

V-ih and Zjy, are connected as in Fig. 1-4(6) to produce the Thevenin equivalent circuit. 



1.8 For the circuit and values of Problem 1.7, find the Norton equivalent for the network to the left of 
terminals a, b. 



With terminals a, h shorted, the component of current due to Ki alone is 

Kj^__10 



Similarly, the component due to V2 alone is 

R2^ 6 



Then, by superposition. 

In = lab = 4* + = 2.5 + 2.5 = 5 A 
Now, with Ryi, as found in Problem 1.7, 

^"-^-14-°-^^^^^ 
/jv and Yfj are connected as in Fig. l-4(c) to produce the Norton equivalent circuit. 
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1.9 For the circuit and values of Problems 1.7 and 1.8, find the Thevenin impedance as the ratio of 
open-circuit voltage to short-circuit current to illustrate the equivalence of the results. 

The open-circuit voltage is Vj-/, as found in Problem 1.7, and the short-circuit current is /;^, from 
Problem 1.8. Thus, 

Vn 12 

which checks with the result of Problem 1.7. 



1.10 Thevenin's and Norton's theorems are apphcable to other than dc steady-state circuits. For the 
"frequency-domain" circuit of Fig. 1-18 (where .s is frequency), find (a) the Thevenin equivalent 
and {h) the Norton equivalent of the circuit to the right of terminals a, b. 




b 



Fig. 1-18 



{a) With terminals a, b open-circuited, only loop current I(s) flows; by KVL and Ohm's law, with all 
currents and voltages understood to be functions of s, we have 



sL+\/sC 



Now KVL gives 



sL + 1 /sC s^LC + 1 

With the independent sources deactivated, the Thevenin impedance can be determined as 

_ 1 _ sL{\/sC) _ sL 
- sL\\ — - jj—^ - ^2^c+l 

(h) The Norton current can be found as 



s^LC + 1 

and the Norton admittance as 



_ 1 _ /lc+i 

" N — ~^ — — -J 

Z„, sL 



1.11 Determine the z parameters for the two-port network of Fig. 1-19. 
For I2 — 0, by Ohm's law, 

" 10-1-6 16 
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Also, at node h, KCL gives 



/i =0.34 + 4 = 1-34 = 1-3 



16 



Thus, by {1.10), 



= — = 12.308 f2 
1.3 



Further, again by Ohm's law. 



Substitution of (2) into (1) yields 



" 6 



/, = 1.3 



so that, by {1.12), 



Z21 



A=o 1-3 



: 4.615S2 



Now with /i — 0, applying KCL at node a gives us 

4 = 4 + 0.34= 1.34 

The application of KVL then leads to 



K, = K2 - (10)(0.34) = 64 - 34 = 34 : 



34 
1.3 



so that, by {1.11), 



Now, substitution of (2) in (i) gives 



/,=o 1-3 



4 = 1.34 = 1.3 



2.308!^ 



Hence, from {1.13), 



V2 

Z22 = -y- 
h 



= — = 4.615!^ 



1.12 Solve Problem 1.11 using a SPICE method similar to that of Example 
The SPICE netlist code is 
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Prbl_12 . CIR z-parameter evaluation 
.PARAM Ilvalue=lmA I2value=0mA 
II 0 1 AC {Ilvalue} 
F 1 0 VB 0 . 3 
Rl 1 2 lOohm 

VB 2 3 OV ; Current sense 

R2 3 0 6ohm 

12 0 2 AC {I2value} 

.DC II 0 1mA 1mA 12 1mA 0 1mA ; Nested loop 

.PRINT DCVd) 1(11) V(2) 1(12) 

.END 



A nested loop is used in tlie .DC statement to eliminate the need for two separate executions. As a 
consequence, data is generated for I\ = 11= 1mA and I\ = 12 = 0, which is extraneous to the problem. 

Execute < Prbl_12.CIR > and poll the output file to obtain data to evaluate the z parameters by use of 
(1.10) to {1.13). 



= 12.31 f2 



Z21 =-r 



Z22 — 



1^1 






1/(1) 






1.231 X 10"^ 


h 


h 


=0 


/(/I) 


m> 


=0 


1 X 10-3 


Vi 






V{\) 






2.308 X 10"' 


h 


h 


=0 


7(72) 


/(/!)= 


=0 


~ 1 X 10"' 








V(l) 






4.615 X 10-3 


h 


h 


=0 


7(71) 


/(/!)= 


=0 


~ 1 X 10-3 


V2 






Vil) 






4.615 X 10-3 


h 


h 


=0 


7(72) 


/(/!)= 


=0 


~ 1 X 10-3 



= 2.308 f2 



= 4.615 f2 



: 4.615 f2 



1.13 Determine the h parameters for the two-port network of Fig. 1-19. 

For = 0, 7„ = 0; thus, h = Vi/W and, by (1.16), 

V, 



hu = 



10S2 



Further, I2 = -h and, by (7. 75), 



hit = — 



Vi=S> 



Now, 7„ = F2/6. With 7i = 0, KVL yields 



F, 1 . 



Fi = F2 - 10(0.37J =V2- 10(0.3) = - V2 



and, from (1.17), 



= 0.5 



/,=o 



Finally, applying KCL at node a gives 



72=7„ + 0.37„ = 1.3- 



so that, by (7.7P), 



/!,-> = ■ 



/l=0 



= ^ = 0.2167 S 
6 
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1.14 Use (1 .8), (1.9), and (1.16) to (1 .19) to find the /; parameters in terms of tire z parameters. 
Setting = 0 in {1.9) gives 

^21 



0 — Z2\I\ + Z22/2 or I2 — I\ 

Z22 



from which we get 



"21 



K,=0 ^22 



Back substitution of (1) into (1.8) and use of (1.16) give 

V 



_ ^12^21 

— -11 



Now, with /i = 0, {1.8) and (i.9) become 

Ki — Z12/2 "irid K2 = 222^2 

so that, from {1.17), 

V, 



hi? ~ — 



and, from (1.19), 



_ ill 

/i=0 "22 

^ /2 ^ 1 
/,=0 '22^2 Z22 



(1) 



1.15 Tire /; parameters of the two-port network of Fig. 1-20 are An = 100 = 0.0025, = 20, 

and /122 = 1 mS. Find the voltage-gain ratio K2/F1. 



1 kQ '1 








Two-port 
network 


+ 1 








Fig. 1-20 



By Ohm's law, l2 = — Vi/Rl, so that {1.15) may be written 



R, 



- h ~ h2\I\ +h22V2 



Solving for /[ and substitution into {1.14) give 



K, = A, i^l + Ih2 Vl = '^'/^^+^^^^ V^h22 +h,2V2 



which can be solved for the voltage gain ratio: 



V2 _ 1 _ 1 

Vl ^ hi2 - (/Jii//J2i)(l/^L + /J22) ^ 0.0025 - (100/20X1/2000 + 0.001) ' 



-200 
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1.16 Determine the Thevenin equivalent voltage and impedance looking right into port 1 of the circuit 
of Fig. 1-20. 

The Thevenin voltage is Vi of (1.8) with port 1 open-circuited; 

Vn=Vik=o=^i2l2 (1) 

Now, by Ohm's law, 

V2 = -Rth {2) 

But, with /i = 0, {1.9) reduces to 

V2 = Z22I2 {3) 

Subtracting (2) from (5) leads to 

fe2 + ^i)/2=0 {4) 

Since, in general, Z22 + 7^ 0, we conclude from {4) that I2 = 0 and, from (7), Vfh = 0. 
Substituting (2) into (1.8) and (1.9) gives 

=zii/,+ 212/2 = z„/i-^ K2 (S) 

and V2 = Z21A -I- Z22/2 = Z21A - §^ ^^2 (<5) 

Fi is found by solving for V2 and substituting the result into (5): 

1^1 =zii^i 

Then Zjy, is calculated as the driving-point impedance Vi/li: 

^Th — -r~ — -r — — 



^dp h Z22 -I- Rl 



1.17 Find the Thevenin equivalent voltage and impedance looking into port 1 of the circuit of Fig. 
1-20 if Ri^ is replaced with a current-controlled voltage source such that V2 = Ph, where is a 
constant. 

As in Problem 1.16, 

V-Th = ^^ll/,=0 = ^22^2 

But if /i = 0, (7.9) and the defining relationship for the controlled source lead to 

V2 = PIl=0 = Z22/2 

from which /2 = 0 and, hence, Fjy, = 0. 

Now we let Vi = Vjp, so that 7i = 7^p, and we determine Zj^ as the driving-point impedance. From 
(1.8), (1.9), and the defining relationship for the controlled source, we have 

V[ = Kip ^ z\\Idp + ^nh (1) 

V2 = Iildp=^2lldp + Z22h (2) 

Solving (2) for 72 and substituting the result into (7) yields 

1/ _ r 1 P-^2l r 

i^dp — ^ll^dp + ^12 Idp 

Z22 

from which Thevenin impedance is found to be 

Vjp ZiiZ22-|-Zi2(^-Z2i) 

^Th — -J— — ; 

Idp Z22 
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1.18 The periodic current waveform of Fig. 1-21 is composed of segments of a sinusoid. Find (a) the 
average value of the current and (h) the rms (effective) value of the current. 




Fig. 1-21 



(a) Because i(t) — 0 for 0 < cot < a, the average value of the current is, according to (1.20), 

/,., 



1 {" I 

hn sin wt d(wt) = — [- cos cu?]^ 



(6) By {1.21) and the identity sin x — ^(1 — cos2a'), 



(1 -|- COSff) 



1 r 

'Ik 



I fir 

ll, sin^(ft;0 d{wi) = \ (1 - cos Imi) d(ojt) 
Ja 



[ot sin Iwt 

2 



— — I jr — a + - sm /ff 



so that 



jr — ff -|- i sin 2o! 



In 



1.19 Assume that the periodic waveform of Fig. 1-22 is a current (rather than a voltage). Find 
{a) the average value of the current and {b) the rms value of the current. 



0 |r r |r 
Fig. 1-22 

(fl) The integral in (1.20) is simply the area under the /(/) curve for one period. We can, then, find the 
average current as 



/„=i(4x^+lx^|=2.5A 



(h) Similarly, the integral in (1.21) is no more than the area under the / (t) curve. Hence, 



t\ 2 2 



= 4.25 A 
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1.20 Calculate the average and rms values of the current = 4 + lOsinw; A. 
Since i{t) has period 2n, (1.20) gives 

1 f^^ 1 
/(, = — (4 + 10 sin wt) d{wt) = — [Atot - 10 cos wtf^,^ = 4 A 

7.7Z Jq Z7l 

This result was to be expected, since the average value of a sinusoid over one cycle is zero. 
Equation {1.21) and the identity sin^;<; = i(l — cos2x) provide the rms value of i{t): 



Jo 



7^ = -^ I (4 +10 sin 



2n J, 

so that / = V66 = 8.125A. 



1 



— (16 + 80sinft); + 50-50cos2ft)0<^(«0 



50 



66mt — 80 cos a>t — — sin Icot 



■■ 66 



1.21 Find the rms (or effective) value of a current consisting of the sum of two sinusoidally varying 
functions with frequencies whose ratio is an integer. 

Without loss of generality, we may write 

i{t) = Ii cos (ut + 12 cos kcot 

where k is an integer. Applying (1.21) and recalKng that cos^x = 5(1 +cos2.x) and cosxcos>' = 
i [cos(x + y) + cos.(x - y)], we obtain 



27T Jo 



(/i COS cot + 12 COS kcot)^ d(cot) 



1 r B 

27zk [2 



f2ir I ^2 j2 

,^i^+cos2wt) + -^(l+cos2kwt) + Iil2[cos(k+l)(ut + cos(k-l)cot] 
2n .In I 2 2 



d{wt) 



Performing the indicated integration and evaluating at the limits results in 



1.22 Find the average value of the power delivered to a one-port network with passive sign convention 
(that is, the current is directed from the positive to the negative terminal) if v(t) = V„ cos a>t and 
i{t) = cos(cy? + ff). 

The instantaneous power flow into the port is given by 

p{t) = v(t)i(t) = V„I„ cos cot cos(cot + 0) 
= J Vn,Im[cos(2cot + e) + cose] 

By (1.20), 

Po = — p(t) dt = -^ 1„, [cos(2ft)f + 0) + COS e] d(o)t) 
2n Jo 4jr Jo 

After the integration is performed and its limits evaluated, the result is 

Po = cose = ^ ^ cose = F/cose 
2 V2 V2 
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Supplementary Problems 

1.23 Prove that the capacitor element of Fig. l-l(c) is a linear element by showing that it satisfies the converse of 
the superposition theorem. (Hint: See Problem 1.1.) 

1.24 Use the superposition theorem to find the current / in Fig. 1-14 if R[ — 5 Q, R2 — 10 Q, V, — 10cos2?V, and 
/, = 3cos(3?-|-7r/4)A. Ans. / = 0.667cos2/ + cos(3? + jr/4) A 

1.25 In Fig. 1-23, (a) find the Thevenin equivalent voltage and impedance for the network to the left of 
terminals a, h, and (h) use the Thevenin equivalent circuit to determine the current 

Ans. (a) Vn = K, - hR^, Zj,, = + R^: (h) 4 = (K, - hR.J/iRi + «2 + Rl) 




b 



Fig. 1-23 



1.26 In the circuit of Fig. 1-18, K, = 10cos2«V, K2 = 20cos2/V, L = 1 H, C = 1 F, and the load is a l-Q 
resistor, (a) Determine the Thevenin equivalent for the network to the right of terminals a, h. (h) Use 
the Thevenin equivalent to find the load current 7^. (Hint: The results of Problem 1.10 can be used here with 
s=j2.) Ans. (a) Fj.j = 23.333Z0°V,Zra = -y0.667S2; (6) 4 = 19.4Z33.69° A. 

1.27 In Fig. 1-24, find the Thevenin equivalent for the bridge circuit as seen through the load resistor A^. 
Ans. Vn = V,(R2R^ - RiRi)/(R, + RiKRj + ^4), Z„, = R^RiKRi + Rj) + \rJ(Ri + R4) 



® 




® 

Fig. 1-24 

1.28 Suppose the bridge circuit in Fig. 1-24 is balanced by letting R^ — R2 — Rj — R4 — R. Find the elements of 
the Norton equivalent circuit. Ans. 1^^ — 0, Yfj — 1 /R 

1.29 Use SPICE methods to determine voltage v„,, for the circuit of Fig. 1-24 if V,, = 20 V, = 10 S2, = 1 Q, 
R2 = 2 Q, Rj = 3 Q, and R^ = 4Q. (Netlist code available at author download site.) 

Ans. v,h= K(2, 3) = 1.538 V 
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1.30 For the circuit of Fig. 1-25, (a) determine the Thevenin equivalent of the circuit to the left of terminals a, h, 
and (h) use the Thevenin equivalent to find the load current z'^. 
Ans. (a) Vn = 120 V, = 20 Q.; {b) iL = '^^ 



® 5Q (2) 




Fig. 1-25 



1.31 Apply SPICE methods to determine load current for the circuit of Fig. 1-25 if (a) the element values are 
as shown and (h) the VCCS has a value of 0.5?j„/, with all else unchanged. (Netlist code available at author 
download site.) Ans. (a) /£ = 4A; (b) ii^ — —6h 



1.32 In the circuit of Fig. 1-26, let = Rj^ Rc = and find the Thevenin equivalent for the circuit to the 
right of terminals a, h (a) if vc — 0.5/i and {b) if Vq = O.5/2. 
Ans. (a) Vn = 0, Zn = Rn = 1-75 f^; {h) Vn = 0, Z^ = Rn = 1-667 Q. 




1.33 Find the Thevenin equivalent for the network to the left of terminals a, h in Fig. 1-15 (a) ii k = Q, and 
(b) if = 0.1. Use the Thevenin equivalent to verify the results of Problem 1.4. 

Ans. (a) K„, = -200V, Zn, = J?j.;, = lOOQ; (6) Kj-fi = -250 V, Z„, = = 125 f2 

1.34 Find the Thevenin equivalent for the circuit to the left of terminals a, b in Fig. 1-16, and use it to verify the 
results of Problem 1.6. Ans. K77, = j(l -|- a)!),, Z7.;, = Rji, = j(3 — o?) Q 

1.35 An alternative solution for Problem 1.3 involves finding a Thevenin equivalent circuit which, when con- 
nected across the nonlinear R2 — 0.25/, allows a quadratic equation in current / to be written via KVL. Find 
the elements of the Thevenin circuit and the resulting current. 

Ans. Vn = 25 V, Zj-,, = Rn = 5^,i = 4. 142 A 

1.36 Use (1.10) to (1.15) to find expressions for the z parameters in terns of the h parameters. 
Ans. zu =hn- hnh2ilh22, zn = hilhi, Z21 = -hilhi, ^22 = ^1^2 
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1.37 For the two-port network of Fig. 1-20, {a) find the voltage-gain ratio V2I Ki in terms of the z parameters, 
and then {b) evaluate the ratio, using the A-parameter values given in Problem 1.15 and the results of 
Problem 1.36. Ans. (a) Z2iRi,/(znJ^L + ^11^22 — ^12^21)' (b) —200 



1.38 Find the current-gain ratio I2/I1 for the two-port network of Fig. 1-20 in terms of the h parameters. 



1.39 Find the current-gain ratio /2//1 for the two-port network of Fig. 1-20 in terms of the z parameters. 

Ans. - Z2i/(Z22 + Rl) 



1.40 Determine the Thevenin equivalent voltage and impedance, in terms of the z parameters, looking right into 
port 1 of the two-port network of Fig. 1-20 if R^ is replaced with an independent dc voltage source V^, 
connected such that V2 = V^. Ans. V-n, = zi2Vj/z22, Zjy, = (Z11Z22 — zi2Z2i)/z22 



1.41 Find the Thevenin equivalent voltage and impedance, in terms of the h parameters, looking right into port 1 
of the network of Fig. 1-20 if Rt is replaced with a voltage-controUed current source such that I2 = -ctVi, 
where a > 0 and the h parameters are understood to be positive. 
Ans. Vn = 0, = (hnh22 - hnh2i)/(h22 + ahu) 



1.42 Determine the driving-point impedance (the input impedance with all independent sources deactivated) of 
the two-port network of Fig. 1-20. Ans. {zuR^ + Z11Z22 — zi2Z2i)/(z22 -I- Rl) 



1.43 Evaluate the z parameters of the network of Fig. 1-16. 
Ans. Zii = 2 Z12 = 1 Z21 = a -I- 1 fi, Z22 = 2 £2 



1.44 Find the current ^ in Fig. 1-3 if a = 2, i?i = i?2 = -^3 = 1 ^> ^* = 10 V, and v, = 10sin<u?V. 

Ans. -2A 



1.45 For a one-port network with passive sign convention (see Problem 1.22), v=V^coswt\ and 
i = I\ + I2 co%(ii>l + 6) A. Find (a) the instantaneous power flowing to the network and (h) the average 
power to the network. Ans. {a) V^IiCOiwt + \^V„l2[cos{lwt + 9) + cosO\; (b) ^V„l2COs9 



Semiconductor Diodes 



2.1. INTRODUCTION 

Diodes are among the oldest and most widely vised of electronic devices. A diode may be defined as 
a near-unidirectional conductor whose state of conductivity is determined by the polarity of its terminal 
voltage. The subject of this chapter is the semiconductor diode, formed by the metallurgical junction of 
/;-type and n-type materials. (A /i-type material is a group-IV element doped with a small quantity of a 
group-V material; «-type material is a group-IV base element doped with a group-Ill material.) 



2.2. THE IDEAL DIODE 

The symbol for the common, or rectifier, diode is shown in Fig. 2-1 (a). The device has two terminals, 
labeled anode (p-type) and cathode («-type), which makes understandable the choice of diode as its name. 
When the terminal voltage is nonnegative {v[, > 0), the diode is said to be forward-biased or "on"; the 
positive current that flows (ij^ > 0) is called forward current. When Vjy < 0, the diode is said to be 
reverse-biased or "off," and the corresponding small negative current is referred to as reverse current. 

Cathode ^ ^ , 

0 ^ F(«„«2) _ @ 

Fig. 2-1 

The ideal diode is a perfect two-state device that exhibits zero impedance when forward-biased and 
infinite impedance when reverse-biased (Fig. 2-2). Note that since either current or voltage is zero at any 
instant, no power is dissipated by an ideal diode. In many circuit apphcations, diode forward voltage 
drops and reverse currents are small compared to other circuit variables; then, sufficiently accurate 
results are obtained if the actual diode is modeled as ideal. 

The ideal diode analysis procedure is as follows: 

Step 1: Assume forward bias, and replace the ideal diode with a short circuit. 

Step 2: Evaluate the diode current ij), using any linear circuit-analysis technique. 

Step 3: If if) > 0, the diode is actually forward-biased, the analysis is vahd, and step 4 is to be omitted. 

30 
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in 



infinite 
impedance 



D 



zero 

impedance 



D 
vo<0 



Forward-biased 



Reverse-biased 



(a) Terminal characteristics (b) Circuit models 

Fig. 2-2 Ideal diode 

Step 4: If ij) < 0, the analysis so far is invalid. Replace the diode with an open circuit, forcing Id = 0, 
and solve for the desired circuit quantities using any method of circuit analysis. Voltage Vd 
must be found to have a negative value. 



Example 2.1. Find voltage jj^ in the circuit of Fig. 2-3{a), where D is an ideal diode. 

The analysis is simplified if a Thevenin equivalent is found for the circuit to the left of terminals a, h\ the result is 



and 



'ra — Rn — Ri \\Rs 



Ri+Rs 



•d 







f— vw — ' 












'D 



R, < V, 



(b) 



VTh\ 







a 


J£^ D 








+ - 1 











(c) 
Fig. 2-3 

Step 1: After replacing the network to the left of terminals a, h with the Thevenin equivalent, assume forward bias 
and replace diode D with a short circuit, as in Fig. 2-3(/)). 

Step 2: By Ohm's law, 



Id = 



Rn + Rl 



Step 3: If vs > 0, then > 0 and 



■"L = 'dRl = 



Rr 



Rl + Rn 

Step 4: If vg < 0, then /'^ < 0 and the result of step 3 is invalid. Diode D must be replaced by an open circuit as 
illustrated in Fig. 2-3(f), and the analysis performed again. Since now iu = 0, i;^ = >dRl = 0- Since 
'^ij = ''s < 0, the reverse bias of the diode is verified. 



(See Problem 2.4 for an extension of this procedure to a multidiode circuit.) 
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2.3. DIODE TERMINAL CHARACTERISTICS 

Use of the Fermi-Dirac probability function to predict charge neutralization gives the static (non- 
time-varying) equation for diode junction current: 

= - 1) A (2.7) 

where Vj = kT /q, V 

vjy = diode terminal voltage, V 

= temperature-dependent saturation current, A 
T = absolute temperature of p-n junction, K 
k = Boltzmann's constant (1.38 x 10"^^ J/K) 
q = electron charge (1.6 x 10~" C) 
= empirical constant, 1 for Ge and 2 for Si 



Example 2.2. Find the value of Vj in (2.1) at 20°C. 
Recalling that absolute zero is — 273°C, we write 

kT (1.38X 10-2')(273 + 20) 

Vt — — — m ~ 25.27 mV 

^ q 1.6x10-" 

While (2.1) serves as a useful model of the junction diode insofar as dynamic resistance is concerned, Fig. 2-4 
shows it to have regions of inaccuracy: 




1. The actual (measured) forward voltage drop is greater than that predicted by (2.1) (due to ohmic resistance 
of metal contacts and semiconductor material). 

2. The actual reverse current for —Vr<Vd < 0 is greater than predicted (due to leakage current /.,. along the 
surface of the semiconductor material). 

3. The actual reverse current increases to significantly larger values than predicted for vo < —Vj^ (due to a 
complex phenomenon called avalanche breakdown). 

In commercially available diodes, proper doping (impurity addition) of the base material results in distinct static 
terminal characteristics. A comparison of Ge- and Si-base diode characteristics is shown in Fig. 2-5. If 
— Vk< Vq < —0.1 V, both diode types exhibit a near-constant reverse current Typically, 1 fiA < Ir < 500 /lA 
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for Ge, while 10~' /nA < < 1 /xA for Si, for signal-level diodes (forward current ratings of less than 1 A). For a 
forward bias, the onset of low-resistance conduction is between 0.2 and 0.3 V for Ge, and between 0.6 and 0.7 V for Si. 

For both Si and Ge diodes, the saturation current /„ doubles for an increase in temperature of lO 'C; in other 
words, the ratio of saturation current at temperature T2 to that at temperature T\ is 

(4)2 ^ 2(^2-^1'/'° (2.2) 
(4)1 



Example 2.3. Find the percentage increase in the reverse saturation current of a diode if the temperature is 
increased from 25°C to 50°C. 
By (2.2), 



(Joh 

(/„), 



: 2<5«-25)/io X 100% = 565.7% 



Static terminal characteristics are generally adequate for describing diode operation at low 
frequency. However, if high-frequency analysis (above 100 kHz) or switching analysis is to be per- 
formed, it may be necessary to account for the small depletion capacitance (typically several picofarads) 
associated with a reverse-biased p-n junction; for a forward-biased p-n junction, a somewhat larger 
diffusion capacitance (typically several hundred picofarads) that is directly proportional to the forward 
current should be included in the model. (See Problem 2.25.) 



2.4. THE DIODE SPICE MODEL 

The element specification statement for a diode must explicitly name a model even if the default 
model parameters are intended for use. The general form of the diode specification statement is as 
follows, where the model name is arbitrarily chosen: 

D • ■ • «iH2 model name 

Node «i is the anode and node «2 is the cathode of the diode. Positive current and voltage directions are 
clarified by Fig. l-i{b). 

In addition, the .MODEL control statement must be added to the netlist code even if the default 
parameters are acceptable. This control statement is 



.MODEL model name D (parameters) 
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If the parameters field is left blank, default values are assigned. Otherwise, the parameters field contains 
the number of desired specifications in the format parameter name = value. Specific parameters that are 
of concern in this book are documented by Table 2-1. 



Table 2-1 



Parameter 


Description 


Reference 


Default 


Units 


Is 


saturation current 


/„ of (2.1) 


1 X 10-'^ 


A 


n 


emission coefficient 


J) of (2.1) 


1 




BV 


reverse breakdown voltage 


of Fig. 2-4 


oo 


V 


IBV 


reverse breakdown current 


Ir of Fig. 2-4 


1 X 10-'° 


A 


Rs 


ohmic resistance 


Section 2.3 


0 


Q. 



Example 2.4. The circuit of Fig. 2-6(a) can be used to determine the static characteristic of diode D provided that 
the ramp of source f , spans sufficient time so that any dynamic effects are negligible. Let source ramp from — 5 V 
to 5 V over a span of 2 s. Use SPICE methods to plot the silicon diode static characteristic {a) if the diode is 
nonideal with a voltage rating of = 4V and (h) if the diode is ideal. 



® 



R=2kn< 



3.0 mA 



(0.52 V,2.2 mA) 



2.0 mA- 



0 A- 



\ 



Nonideal 



,(-4 V,-15 uA) 



1 



-1.0 mA-)- 

-5.0 V 
a 1(D) 

V(l)-V(2) 



1.0 V 



3.0 mA 

(679 uV,2.5 mA) 



\ 



2 . 0 mA-j 



Q A 



Ideal 



(-5 V,-5 pA) 



-1.0 mA-l- 

-5.0 V 

□ 1(D) 

V(l) -V(2) 



1 

1.0 V 



(h) (c) 
Fig. 2-6 

(a) The SPICE netlist code below describes the nonideal diode for a typical saturation current I, — 15 /nA. An 
emission coefficient ;i = 4 > 2 has been used to yield a typical forward voltage drop for a sihcon diode. 



Ex2_4.CIR - Diode static characteristic 
vs 1 0 PWL (Os -5V 2s 5V) 
D 12 DMOD 
R 2 0 2kohms 

.MODEL DMOD D(n=4 Is=15uA BV=4) ; Nonideal 

* .MODEL DMOD D (n=0 . 0001) ; Ideal 

.TRAN . lus 2 s 

.PROBE 

.END 
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After executing < Ex2_4.CIR > , 1(D) is plotted with the .v-axis variable changed from time to 
Vu — V(l) — V(2) — V(l, 2) giving the static diode characteristic of Fig. 2-6(h). 

(h) Edit <Ex2_4.CIR> to move the asterisk preceding the second .MODEL statement to the first .MODEL 
statement, thereby preparing for the ideal diode analysis. Setting the emission coefficient parameter (;;) to a small 
value ensures a negligibly small forward voltage drop. Execute < Ex2_5.CIR> and plot the result as in part (a) to 
give the static characteristic of Fig. 2-6(c). Inspection of the marked points on the curve shows that the diode is 
approaching the ideal case of negligible reverse current and negligible forward voltage drop. 



2.5. GRAPHICAL ANALYSIS 

A graphical solution necessarily assumes that the diode is resistive and therefore instantaneously 
characterized by its static i£,-versus-w/j curve. The balance of the network under study must be linear so 
that a Thevenin equivalent exists for it (Fig. 2-7). Then the two simultaneous equations to be solved 
graphically for ij^ and are the diode characteristic 

iD=fAvD) {2.3) 

and the load line 




Fig. 2-7 Fig. 2-8 



Example 2.5. In the circuit of Fig. 2-3(a), u, = 6 V and J?, — Rg — Ri^ — 500 S2. Determine /'o and Vjj graphically, 
using the diode characteristic in Fig. 2-8. 

The circuit may be reduced to that of Fig. 2-7, with 

^1 500 
™ Rt + Rs 500 + 500 

(500)(500) 

and Rn = R, \\Rs + Rl= ^ + 500 = 750 Q 

Then, with these values the load line {2.4} must be superimposed on the diode characteristic, as in Fig. 2-8. The 
desired solution, = 3 mA and Vj) = 0.75 V, is given by the point of intersection of the two plots. 



Example 2.6. If all sources in the original linear portion of a network vary with time, then Vji, is also a time- 
varying source. In reduced form [Fig. 2-9{a}], one such network has a Thevenin voltage that is a triangular wave 
with a 2-V peak. Find ij) and vjj for this network. 




Fig. 2-9 



In this case there is no unique value of /'o that satisfies the simultaneous equations (2.3) and {2.4); rather, there 
exists a value of if, corresponding to each value that vj-/, takes on. An acceptable solution for iu may be found by 
considering a finite number of values of Vj-/,. Since Vf/, is repetitive, i[, will be repetitive (with the same period), so 
only one cycle need be considered. 

As in Fig. 2-9(h), we begin by laying out a scaled plot oivj-i, versus time, with the vj^j, axis parallel to the vj, axis 
of the diode characteristic. We then select a point on the Vj-i, plot, such as vn = 0.5 V at ; = ?i . Considering time to 
be stopped at ? = /] , we construct a load line for this value on the diode characteristic plot; it intersects the Vj) axis at 
vj-i, — 0.5 V, and the axis at vjiJRji, — 0.5/50 — 10 mA. We determine the value of Z^, at which this load line 
intersects the characteristic, and plot the point (/j , Id) on a time-versus-j'o coordinate system constructed to the left 
of the diode characteristic curve. We then let time progress to some new value, t = t^, and repeat the entire process. 
And we continue until one cycle oivji, is completed. Since the load line is continually changing, it is referred to as a 
dynamic load line. The solution, a plot of i^, differs drastically in form from the plot of vj-/, because of the 
nonlinearity of the diode. 
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Example 2.7. If both dc and time-varying sources are present in the original linear portion of a network, then Vji, 
is a series combination of a dc and a time-varying source. Suppose that the Thevenin source for a particular 
network combines a 0.7-V battery and a 0.1-V-peak sinusoidal source, as in Fig. 2-\Q(a). Find i^, and for the 
network. 

We lay out a scaled plot of v-j-j,, with the v-j-h axis parallel to the axis of the diode characteristic curve. We 
then consider Vj-i,, the ac component of Vji„ to be momentarily at zero (/ — 0), and we plot a load line for this instant 




(fe) 
Fig. 2-10 
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on the diode characteristic. This particular load line is called the dc load line, and its intersection with the diode 
characteristic curve is called the quiescent point or Q point. The values of ij) and Vd at the Q point are labeled Idq 
and V[)Q, respectively, in Fig. 2-10(6). 

In general, a number of dynamic load lines are needed to complete the analysis of /£, over a cycle of vji,. 
However, for the network under study, only dynamic load lines for the maximum and minimum values of v^h are 
required. The reason is that the diode characteristic is almost a straight line near the Q point [from a to in Fig. 
2-10(6)], so that neghgible distortion of i^, the ac component of ic,, will occur. Thus, i^ will be of the same form as 
VTh (i-e., sinusoidal), and it can easily be sketched once the extremes of variation have been determined. The 
solution for i[, is thus 

io ~ Jdq + 'd ~ Idq + Idm^^awt = id + % sin wt mA 
where Ij„ is the amphtude of the sinusoidal term. 



2.6. EQUIVALENT-CIRCUIT ANALYSIS 
Piecewise-Linear Techniques 

In piecewise-linear analysis, the diode characteristic curve is approximated with straight-line 
segments. Here we shall use only the three approximations shown in Fig. 2-11, in which combinations 
of ideal diodes, resistors, and batteries replace the actual diode. The simplest model, in Fig. 2-1 1(a), 
treats the actual diode as an infinite resistance for Vj^ < Vp, and as an ideal battery if tends to be 
greater than Vp. Vp is usually selected as 0.6 to 0.7 V for a Si diode and 0.2 to 0.3 V for a Ge diode. 

If greater accuracy in the range of forward conduction is dictated by the application, a resistor Rp is, 
introduced, as in Fig. 2-1 1(6). If the diode reverse current {ip, < 0) cannot be neglected, the additional 
refinement {Rr plus an ideal diode) of Fig. 2-1 1(c) is introduced. 



Small-Signal Techniques 

Small-signal analysis can be applied to the diode circuit of Fig. 2-10 if the amphtude of the ac signal 
Vpi, is small enough so that the curvature of the diode characteristic over the range of operation (from b 
to a) may be neglected. Then the diode voltage and current may each be written as the sum of a dc 
signal and an undistorted ac signal. Furthermore, the ratio of the diode ac voltage to the diode ac 
current will be constant and equal to 



dvp) 
dip) 



r, (2.5) 



where is known as the dynamic re.sistance of the diode. It follows (from a linear circuit argument) that 
the ac signal components may be determined by analysis of the "small-signal" circuit of Fig. 2-12; if the 
frequency of the ac signal is large, a capacitor can be placed in parallel with to model the depletion or 
diffusion capacitance as discussed in Section 2.3. The dc or quiescent signal components must generally 
be determined by graphical methods since, overall, the diode characteristic is nonlinear. 

Example 2.8. For the circuit of Fig. 2-10, determine ip,. 

The g-point current I^q has been determined as 36 mA (see Example 2.7). The dynamic resistance of the diode 
at the Q point can be evaluated graphically: 

^/^vp^ 0.37 -0.33 ^ 
A/j 0.044-0.028 

Now the small-signal circuit of Fig. 2.12 can be analyzed to find i^: 

vn 0.1 sin £0? 
ij = --^ — = T7^ — ^ = 0.008 sma)/ A 
Rp, + rj 10 + 2.5 

The total diode current is obtained by superposition and checks well with that found in Example 2.7: 

ip, = IpiQ -I- = 36 -I- 8 sin (at mA 
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Example 2.9. For the circuit of Fig. 2-10, determine i{ a>= 10 rad/s and the diflfusion capacitance is known to 
be 5000 pF. 

From Example 2.8, r,/ = 2.5 Q. The diffusion capacitance acts in parallel with to give the following 
equivalent impedance for the diode, as seen by the ac signal: 

J_\ ^ 'V ^ 2^5 

ojcJ 1 + >Crffrf 1 + j(10*')(5000 X 10-'2)(2.5) 
.56 1 -51.3 4° = 0.974-/1.218 



In the frequency domain, the small-signal circuit (Fig. 2-12) yields 

Vn 0.1 1-90° 0.1 1-90° 



= 0.0091 1 -83.6 7° 



" Rn + Z,i 10 + 0.974 -jl.218 11. 041 1-6.33 
In the time domain, with I^q as found in Example 2.7, we have 

'd = Idq + id = 36 + 9.1 cos (lO**? - 83.67°) mA 



2.7. RECTIFIER APPLICATIONS 

Rectifier circuits are two-port networks that capitalize on the nearly one-way conduction of the 
diode: An ac voltage is impressed upon the input port, and a dc voltage appears at the output port. 

The simplest rectifier circuit (Fig. 2-13) contains a single diode. It is commonly called a half-wave 
rectifier because the diode conducts over either the positive or the negative halves of the input-voltage 
waveform. 




Example 2.10. In Fig. 2-13, = V„mia>t and the diode is ideal. Calculate the average value of vj^. 
Only one cycle oi Vg need be considered. For the positive half-cycle, i[, > 0 and, by voltage division, 

R, 



^ Rl + Rs 



sin cot) = F^,„ sin ait 



For the negative half-cycle, the diode is reverse-biased, /'o — 0, and — 0. 

fin 



y,a = : 



27r 



ViXu>t) d{cot) — 



Hence, 
V 



K^,,, sin ojt d(cL>t) — ■ 



Lm 
Tt 



Although the half-wave rectifier gives a dc output, current flows through Ri^ only half the time, and the average 
value of the output voltage is only 1/jr = 0.318 times the peak value of the sinusoidal input voltage. The output 
voltage can be improved by use of a full-wave rectifier (see Problems 2.28 and 2.50). 

When rectifiers are used as dc power supplies, it is desirable that the average value of the output voltage remain 
nearly constant as the load varies. The degree of constancy is measured as the voltage regulation, 

(no-load K^o) - (full-load K^o) 



Reg: 



fuU-load V,, 



(2.6) 



which is usually expressed as a percentage. Note that 0 percent regulation implies a constant output voltage. 
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Example 2.11. Find the voltage regulation of the half-wave rectifier of Fig. 2-13. 
From Example 2.10, we know that 



Full-load = 
Realizing that Ri —>■ oo for no load, we may write 

No-load K^o = lim 

Thus, the voltage regulation is 



71 jt{Rl + R,) 
Rl 



v,„ 



(2.7) 



7i{Rl + Rs) 



V 



V 
* m 

71 



R, 



Reg: 



V„, 



71 TXiR^ + Rs) 



Rl 



7r{R^ + Rs) 



V 



Rc 100«c 



R, 



R, 



Example 2.12. The half-wave rectifier circuit of Fig. 2-14(<3) forms a battery charger where the battery terminal 
voltage (?;/,) appears across the battery ideal voltage (Kg) and the battery internal resistance (Rj/)- The source is a 
15-V, 200-Hz trapezoidal waveform with equal rise and fall times of 0.5 ms. Use SPICE methods to determine the 
average value of the voltage appearing at the battery terminals (Kjo) and the average value of current (/q) supplied to 
the battery. 



20 V 



® 



D 



■R„ = 0.5 n 



-V„=\2V 



® 




0 s 

□ AVG(I(RB) ) o I(RB) 
Time 

ih) 



5.0 ms 



Fig. 2-14 



The netlist code that follows describes the circuit. 



Ex2_12.CIR - Half -wave rectifier 

vs 1 0 PULSE ( -15V 15V -0 .25ms 0 . 5ms 0 . 5ms 2ms 5ms 

D 12 DMOD 

RB 2 3 O.Sohm 

VB 3 0 12V 

.MODEL DMOD D( ) ; Default diode 

.TRAN lus 5ms 

.PROBE 

.END 
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After execution of < Ex2_12.CIR > , the Probe feature of PSpice is used to plot tlie instantaneous values of v^, v/,, 
and i on the common time-axis of Fig. 2-14(fc) for reference. The Running Average feature of PSpice (gives the 
correct full-period average value at the end of each waveform period) is invoked to find K^o = 12.87 V and 
/o = 1.7383 A, as marked on Fig. 2-14(fc). 



2.8. WAVEFORM FILTERING 

The output of a rectifier alone does not usually suffice as a power supply, due to its variation in time. 
The situation is improved by placing a filter between the rectifier and the load. The filter acts to 
suppress the harmonics from the rectified waveform and to preserve the dc component. A measure 
of goodness for rectified waveforms, both filtered and unfiltered, is the ripple factor, 

^ maximum variation in output voltage Ai;^ 
' average value of output voltage F^o 

A small value, say F,. < 0.05, is usually attainable and practical. 

Example 2.13. Calculate the ripple factor for the half-wave rectifier of Example 2.10 (a) without a filter and (h) 
with a shunt capacitor filter as in Fig. 2-15(i3). 




(b) 

Fig. 2-15 



(a) For the circuit of Example 2.10, 



(b) The capacitor in Fig. 2-15(fl) stores energy while the diode allows current to flow, and delivers energy to the 
load when current flow is blocked. The actual load voltage that results with the filter inserted is sketched in 
Fig. 2-\5(h), for which we assume that vg = Vg^ imcat and D is an ideal diode. For 0 < ? < «i, D is forward- 
biased and capacitor C charges to the value Vs„,. For ?i < / < t2, vg is less than v^, reverse-biasing D and 
causing it to act as an open circuit. During this interval the capacitor is discharging through the load Rj^, 
giving 

Vl^ ys.ne-^'-"^'"'-'^ itt<t<t2) (2.9) 

Over the interval t2 < t < t2 + S, vg forward-biases diode D and again charges the capacitor to K_s„,. Then vg 
falls below the value of and another discharge cycle identical to the first occurs. 

Obviously, if the time constant Ri^C is large enough compared to T to result in a decay like that indicated 
in Fig. 2-15(6), a major reduction in Aii^ and a major increase in Vu, will have been achieved, relative to the 
unfiltered rectifier. The introduction of two quite reasonable approximations leads to simple formulas for Ai'^ 
and Vi^o, and hence for F^, that are sufficiently accurate for design and analysis work: 
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1. If Avi is to be small, then 5 ^ 0 in Fig. 2-15(/j) and ?2 — 'i ^ T. 

2. If Avi is small enough, then (2.9) can be represented over the interval tj < t < t2 hy a straight line with a 
slope of magnitude Vg„JRi^C. 

The dashed line labeled "Approximate u^" in Fig. 2-\5(h) implements these two approximations. From right 
triangle ahc, 

— or Av, — 

T R^C JR^C 

where / is the frequency of vg. Since, under this approximation, 

i'LO =Vsm-\ A-Ui 

and RjJZ IT — fR^C is presumed large, 

p. _ Auj. _ 2 ^ 1 
V,o IfR.C-TfR^C 

Example 2.14. The half-wave rectifier of Fig. 2-16(a) is similar to that of Fig. 2-15 except an inductor that acts to 
reduce harmonics has been added. If source is a 120-V (rms) sinusoidal source, use SPICE methods to determine 
the ripple factor F,.. 



i = 8mH 



C=7000/(F; 



® 



(a) 




Fig. 2-16 
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A set of netlist code for analysis of the circuit is shown below where an initial condition voltage (IC = 137 V) 
has been placed on the capacitor to eliminate transient conditions. 



Ex2„14 . CIR - HW rectifier with L-C filter 
vs 1 0 SIN { OV {sqrt (2) *120V> 60Hz) 
D 12 DMOD 
L 2 3 8mH 

C 3 0 700uF IC=137V ; Set initial condition 

RL 3 0 lOOohm 

. MODEL DMOD D { ) ; Default diode 
.TRAN lus 50ms UIC 
. PROBE 
.END 



Execution of < Ex2_14.CIR > and use of the Probe feature of PSpice leads to the plot of output voltage 
vj^ — V(3), shown by Fig. 2-l6{b). The maximum and minimtim values have been marked. Hence, the ripple 
voltage is 

A«i = 138.93 - 136.60 = 2.33 V 

The running average of Fig. 2-16(6) has the full-period average value of marked at the end of three source cycles 
giving Vuo = 137.725 V. By (2.8), 

Az^^^J^^ 
' Vu, 137.725 



2.9. CLIPPING AND CLAMPING OPERATIONS 

Diode clipping circuits separate an input signal at a particular dc level and pass to the output, 
without distortion, the desired upper or lower portion of the original waveform. They are used to 
eliminate amphtude noise or to fabricate new waveforms from an existing signal. 

Example 2.15. Figure 2-17(a) shows a positive clipping circuit, which removes any portion of the input signal Vj 
that is greater than Vj, and passes as the output signal any portion of j;,- that is less than V/, . As you can see, Vf, is 
negative when i;, < Vj,, causing the ideal diode to act as an open circuit. With no path for current to flow through 
R, the value of f,- appears at the output terminals as v„. However, when u,- > Vj,, the diode conducts, acting as a 
short circuit and forcing v„= Fj. Figure 2-17(6), the transfer grapli or transfer cfiaracteristic for the circuit, shows 
the relationship between the input voltage, here taken as Vi = IVj, sin cot, and the output voltage. 

Clamping is a process of setting the positive or negative peaks of an input ac waveform to a specific 
dc level, regardless of any variation in those peaks. 

Example 2.16. An ideal clamping circuit is shown in Fig. 2-18(6), and a triangular ac input waveform in Fig. 
2-18(a). If the capacitor C is initially uncharged and = 0, the ideal diode D is forward-biased for 0 < ? < T/A, 
and it acts as a short circuit while the capacitor charges tovc=Vp. At ? = T/A, D open-circuits, breaking the only 
possible discharge path for the capacitor. Thus, the value vc ~ Vp is preserved; since can never exceed Vp, D 
remains reverse-biased for all t > T/A, giving v„ = Vj, = Vi - Vp. The function is sketched in Fig. 2-18(c); all 
positive peaks are clamped at zero, and the average value is shifted from 0 to — Fp. 

Example 2.17. For the clamping circuit of Fig. 2-18(6), let v,- = 10sin(2000;rO V, Vg = 5V, and C= 10/xF. 
Assume an ideal diode and use SPICE methods to determine output voltage v„. 

The netlist code describing the circuit is shown below. Since the capacitor will charge so that vc = Fg = 5 V, 
this value is set as an initial condition (IC = 5 V) to circumvent the transient response. 
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(b) 

Fig. 2-17 




(a) (b) (c) 



Fig. 2-18 



Ex2_17 . CIR - Clamping circuit 
vi 1 0 SIN ( OV lOV IkHz ) 

C 12 lOuF IC=5V ; Set initial condition 
D 2 3 DMOD 
VB 3 0 5V 

.MODEL DMOD D{n=0. 0001) ; Ideal diode 

.TRAN lus 2ms UIC 

.PROBE 

.END 



Execute < Ex2_17.CIR > and use the Probe feature of PSpice to plot the resulting output voltage v„ — V(2) as 
shown by Fig. 2- 19(a) where it is seen that the output voltage is simply Vj clamped so that the maximum value is 
equal to = 5 V. 
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10 V 




0 V 



-10 V 



0 ms 



V(2) o V(3) 
Time 

(a) 




Fig. 2-19 



Example 2.18. The positive clamping circuit of Fig. 2-18(fc) can be changed to a negative clamping circuit by 
inverting battery Vg. Make this change (Vg = —5\) and use SPICE methods to determine the output voltage Vg for 
the circuit if u, and C have the values of Example 2.17. 

The netlist code of Example 2.17 can be modified to describe the reversal of Vg by simply assigning a value of 
— 5 V ( VB 3 0 — 5V) or by reversing the order of the node listing ( VB 0 3 5V). Since the capacitor will charge so that 
vc = 15 V, set IC = 15 V to yield an immediate steady-state solution. 

Execution of the modified netlist code (available at the author website as < Ex2_18.CIR > ) and use of the Probe 
feature of PSpice leads to the plot of Fig. 2-19(6) where it is seen that the output voltage Vg — V(2) is clamped to 
the maximum value of Vg = — 5V. 



2.10. THE ZENER DIODE 

The Zener diode or reference diode, whose symbol is shown in Fig. 2-20(a), finds primary usage as a 
voltage regulator or reference. The forward conduction characteristic of a Zener diode is much the same 
as that of a rectifier diode; however, it usually operates with a reverse bias, for which its characteristic is 
radically different. Note, in Fig. l-2Q{b), that: 




ib) 



Fig. 2-20 
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1. The reverse voltage breakdown is rather sharp. The breakdown vohage can be controhed 
through the manufacturing process so it has a reasonably predictable value. 

2. When a Zener diode is in reverse breakdown, its voltage remains extremely close to the break- 
down value while the current varies from rated current (7^) to 10 percent or less of rated current. 

A Zener regulator should be designed so that > 0.1/^ to ensure the constancy of v^- 



Example 2.19. Find the voltage across the Zener diode of Fig. 2-20(a) if \z ~ 10 mA and it is known that 
Vz = 5.6V, Iz = 25mA, and Rz = lOn. 

Since 0.1/^ < iz < Iz, operation is along the safe and predictable region of Zener operation. Consequently, 

vz'^ Kz + /zi?z = 5.6 + (10x 10"')(10) = 5.7 V 

is frequently neglected in the design of Zener regulators. Problem 2.31 illustrates the design 
technique. 



Example 2.20. Back-to-back Zener diodes, as shown between 3,0 of Fig. 2-21(a), are frequently used to clip or 
remove voltage spikes. SPICE-based analysis programs generally do not offer a specific model for the Zener diode, 
but rather the model is implemented by model parameter specification of the reverse breakdown voltage (BV) and 
the associated reverse breakdown current (IBV). For the circuit of Fig. 2-2 1(a), let = 10 sin(20007r/) V and source 
Vj, model a disturbance that results in a 10 V spike appearing at the positive crest of u,. Set values for the reverse 
breakdown voltage of the Zener diodes and assess the effectiveness of the circuit in clipping the disturbance spike. 




0 A- 



□ I(D2) 



11 V 




Fig. 2-21 



2 . 0 ms 
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The netlist code describing the circuit follows: 



Ex2_20 . CIR- Zener diode spike clipper 

.PARAM f=lkHz T={l/f > 

vs 1 0 SIN ( OV lOV {f > ) 

* Set lOV spike at positive peak of vs 

vp 2 1 PULSE ( OV lOV {T/4} {T/100> {T/lOO} lus {T} ) 

R 2 3 lohm 

Dl 4 3 DMOD ; Zener diode Zl 
D2 4 0 DMOD ; Zener diode Z2 

RL 3 0 50ohm 

. MODEL DMOD D ( BV=9 . 3V IBV=1A ) 

.TRAN 1 us 2ms 

.PROBE 

.END 



The final values of BV and IBV shown in the code were determined by trial and error to give acceptable results, 
knowing that severe avalanche is approximately 1 V beyond the value of BV. Parameter IBV strongly influences the 
slope of the diode characteristic in the avalanche region. 

The plot of Fig. 2-21(6) shows both the voltage (v^ + Vp) impressed on the circuit and the resulting Zener current 
as the spike is clipped. Examination of the output voltage vi, shows that the spike is clipped so that only a 0.42 V 
remnant of the original 10 V spike appears across the load resistor i?/,. 



Solved Problems 



2.1 At a junction temperature of 25°C, over what range of forward voltage drop vj) can (2.1) be 
approximated as in w /^e""^^'^ with less than 1 percent error for a Ge diode? 

From (2.1) with t] = 1, the error will be less than 1 percent if > 101. In that range, 

V, > Vrln 101 = ^ m 101 = (1-38 x 10-^^X25 + 273) ^^^^^ ^ ^ ^^^^^ 
g 1.6 X 10~'^ 



2.2 A Ge diode described by (2.1) is operated at a junction temperature of 27°C. For a forward 
current of 10 mA, vj) is found to be 0.3 V. (a) lfvj) = 0.4 V, find the forward current, (b) Find 
the reverse saturation current. 

(a) We form the ratio 

^^,_ 7„(eWK._l) _ ,0.4/0.02587 _i _ 

/ci ~ loie""'""^ - 1) ~ e''-3/''-''2587 _ 1 - ^'-^ 
Then ij32 = (47.73)(10 mA) = 477.3 mA 

(b) By (2.7), 

/ - - 'Q^^Q"' -9inA 

" ~ gVoi/VT _ I ~ gO.3/0.02587 _ 1 ~ "'^ 



2.3 For the circuit of Fig. 2-22(a), sketch the waveforms of Vj^ and Vj) if the source voltage vs is as 
given in Fig. 2-22(6). The diode is ideal, and = 100 J2. 
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If vs >0,D conducts, so that Vjj — 0 and 

Rl + Rs 100+10 ^ 
If vg < 0, D blocks, so that vd — and = 0. Sketches of and ii^ are shown in Fig. 2-22(c). 



2.4 Extend the ideal diode analysis procedure of Section 2.2 to the case of multiple diodes by solving 
for the current in the circuit of Fig. 2-23(fl). Assume Z), and D2 are ideal. i?2 = = 100 ^, 
and is a 10-V square wave of period 1 ms. 




(a) (h) (c) 

Fig. 2-23 
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Step 1: Assume both diodes are forward-biased, and replace eacti with a short circuit as shown in Fig. 
2-23(/j). 

Step 2: Since _D| is "on," or in the zero-impedance state, current division requires that 

'o2--j^,'. = 0 (7) 

Hence, by Olim's law, 

iL = ioi = ^ (2) 



Rl 

Step 3: Observe that when vg = 10 > 0, we have, by (2), i^i = 10/100 = 0.1 A > 0. Also, by (7), = 0. 

Thus all diode currents are greater than or equal to zero, and the analysis is valid. However, when 
vs = — 10 < 0, we have, by (2), in] — —10/100 — —0.1 A < 0, and the analysis is no longer valid. 

Step 4: Replace with an open circuit as illustrated in Fig. 2-23(c). Now obviously /'oi — 0 and, by 
Ohm's law, 

t), -10 

- -'"^ - - looTToo ^ 



Further, voltage division requires that 

so that V[,f < 0 if Vs < 0, verifying that D] is actually reverse-biased. Note that ii D2 had been 
replaced with an open circuit, we would have found that V[,2 ~ —^s = lOV > 0, so D2 would not 
actually have been reverse-biased. 



2.5 In the circuit of Fig. 2-24, Z); and D2 are ideal diodes. Find and ij)2. 




Fig. 2-24 



Because of the polarities of and D2, it is necessary that ig > 0. Thus, v^/, < Vg — V^. But 
Vol — ^ah ~ therefore, v^ <Q and so /^i = 0, regardless of conditions in the right-hand loop. It follows 
that i[)2 — I's- Now using the analysis procedure of Section 2.2, we assume D2 is forward-biased and replace 
it with a short circuit. By KVL, 

Vs-y2 5-3 ^ ^ 
Since /'02 > 0, D2 is in fact forward-biased and the analysis is valid. 



2.6 The logic OR gate can be utilized to fabricate composite waveforms. Sketch the output Vg of the 
gate of Fig. 2-25(fl) if the three signals of Fig. 2-25(h) are impressed on the input terminals. 
Assume that diodes are ideal. 

For this circuit, KVL gives 



Vi -V2= Vol - V02 Vi - Vi = Vol - Voi 
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Fig. 2-25 



i.e., the diode voltages have the same ordering as the input voltages. Suppose that vi is positive and exceeds 
and V}. Then must be forward-biased, with vd[ = 0 and, consequently, vi,2 < 0 and v^j < 0. Hence, 
D2 and D} block, while V[ is passed as v^. This is so in general: The logic of the OR gate is that the largest 
positive input signal is passed as while the remainder of the input signals are blocked. If all input signals 
are negative, v„ — 0. Application of this logic gives the sketch of v„ in Fig. 2-25(c). 



2.7 The diode in the circuit of Fig. 2-26(fl) has the nonlinear terminal characteristic of Fig. 2-26(h). 
Find ij) and Vd analytically, given vg = OA coswfV and Vf, = 2W. 




b 0.5 0.7 V h 

(a) (b) (c) 

Fig. 2-26 
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The Thevenin equivalent circuit for the network to the left of terminals a, b in Fig. 2-26(a) has 

Fr,, = ^ (2 + 0.1 cos CO?) = 1 +0.05 cos cof V 
(100)^ 

The diode can be modeled as in Fig. 2-11(6), with Vf — 0.5 V and 

0.7 - 0.5 

^- = n)X)o^ = ^o^ 

Together, the Thevenin equivalent circuit and the diode model form the circuit in Fig. 2-26(c). Now by 

Ohm's law, 

Vth-Vf (1 + 0.05 cos (oO- 0.5 ^ 

ir, = —^ - = - = 5 + 0.5cos£t>« mA 

" Rn + Rp 50 + 50 

vo = Vp+Rpio = 0.5 + 50(0.005 + 0.0005 cos wi) = 0.75 + 0.025 cos V 



2.8 Solve Problem 2.7 graphically for ij). 

The Thevenin equivalent circuit has already been determined in Problem 2.7. By (2.4), the dc load hne 
is given by 

In Fig. 2-27, (1) has been superimposed on the diode characteristic, replotted from Fig. 2-26(h). As in 
Example 2.7, equivalent time scales for vj-,, and i^, are laid out adjacent to the characteristic curve. Since the 
diode characteristic is Unear about the Q point over the range of operation, only dynamic load Unes 
corresponding to the maximimi and minimum of vxh need be drawn. Once these two dynamic load lines 
are constructed parallel to the dc load line, io can be sketched. 



2.9 Use the small-signal technique of Section 2.6 to find io and Vd in Problem 2.7. 

The Thevenin equivalent circuit of Problem 2.7 is vahd here. Moreover, the intersection of the dc load 
line and the diode characteristic in Fig. 2-27 gives Idq = 5 mA and Vj)q = 0.75 V. The dynamic resistance 
is, then, by (2.5), 

Avo 0.7-0.5 

'■'' = A^=^:oo^='°" 

We now have all the values needed for analysis using the small-signal circuit of Fig. 2-12. By Ohm's law, 

v,i, 0.05 COS <u? 

ij = = — = 0.5 cos cot mA 

'' Rn + frf 50 + 50 

Vd = i-did = 50(0.0005 cos a>t) = 0.025 cos cot V 

'd = Idq + = 5 + 0.5 cos cot mA 

Vd = VoQ + Vi = 0.75 + 0.025 cos ft)f V 



2.10 A voltage source, Vg = 0.4 + 0.2sintti? V, is placed directly across a diode characterized by Fig. 
2-26(/)). The source has no internal impedance and is of proper polarity to forward-bias the 
diode, (a) Sketch the resulting diode current ij). (b) Determine the value of the quiescent 
current I^q. 

(a) A scaled plot of vs has been laid out adjacent to the vd axis of the diode characteristic in Fig. 2-28. 
With zero resistance between the ideal voltage source and the diode, the dc load line has infinite slope 
and Vj) = Vs- Thus, io is found by a point-by-point projection of onto the diode characteristic, 




Fig. 2-28 
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followed by reflection through the /'^ axis. Notice that ijj is extremely distorted, bearing little resem- 
blance to vg. 

(h) Quiescent conditions obtain when the ac signal is zero. In this case, when vg — 0.4 V, Iq — Ijjq = 0. 

2.11 In the circuit of Fig. 2-3(fl), assume = = 200 R^ = 50 kQ, and = 400 sin cot V. The 
diode is ideal, with reverse satviration current /q = 2 ixA and a peak inverse voltage (PIV) rating 
of Vj^ = 100 V. (a) Will the diode fail in avalanche breakdown? (b) If the diode will fail, is 
there a value of i?^ for which failure will not occur? 

(a) From Example 2.1, 

R 200 

vri, = ' I's ^ (400 sin cot) = 200 sin cot V 

Ri + Rs 200 + 200 ^ ' 

_ R,Rs _ (200X200) _ 

- r;Tr~s " 200 + 200 - 

The circuit to be analyzed is that of Fig. 2-3(c); the instants of concern are when cot = (2n + l)jr/2 for 
?! = 1, 2, 3, .... at which times Vj-/, = —200 V and thus Vjj is at its most negative value. An application 
of KVL yields 

vd = -un - ioiRn + Rl) = -200 - (-2 x 10"*)(100 + 50 x 10^) = -199.9 V (1) 
Since vo < — Vr~ — lOOV, avalanche failure occurs. 
(h) From (/), it is apparent that vo > -lOOV if 

un-vn -200 -(-100) 

R^^ >^ ^-R ^ !^ — 100 = 50Mf2 

^ - Id -2 X 10-« 



2.12 In the circuit of Fig. 2-29, vg is a 10-V square wave of period 4ms, R = 100 and C = 20 /uF. 
Sketch vc for the first two cycles of Vg if the capacitor is initially uncharged and the diode is ideal. 




Fig. 2-29 



In the interval 0 < ? < 2 ms, 

vcit) = vs(l - e-'"'') = 10(1 - f-™"') V 
For 2 < t < 4 ms, D blocks and the capacitor voltage remains at 

i,c(2ms)= 10(1- 6^-^'"""' '"'^') = 6.32 V 

For 4 < / < 6 ms, 

^^(t) = vs - (vs - 6.31)e-^'-'"^'>"'^ = 10 - (10 - 6.32)^-™*'-'""'^' V 
And for 6 < t < 8 ms, D again blocks and the capacitor voltage remains at 
i.c(6ms) = 10 - (10 - 6.32)e-™<'""'2> = 8.654V 
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Fig. 2-30 

The waveforms of vg and vc are sketched in Fig. 2-30. 



2.13 The circuit of Fig. 2-31(a) is an "inexpensive" voltage regulator; all the diodes are identical and 
have the characteristic of Fig. 2-26{h). Find the regulation of Vg when increases from its 
nominal value of 4 V to the value 6 V. Take R = 2kQ. 





(a) 



(b) 



Fig. 2-31 



We determined in Problem 2.7 that each diode can be modeled as a battery, Vf — 0.5 V, and a resistor, 
Rf = 500 Q, in series. Combining the diode strings between points a and b and between points b and c gives 
the circuit of Fig. 2-31(6), where 

Kfi=2Ff = 1V Kf, =4Kp = 2V Rf,^2RF^mQ Rf^ ^4Rf^ 200Q 



By KVL, 



R + Rfi + Rj; 



whence 
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For Vi,i=4Y and K^, = 6V. 



A2 " 



_^ (4- 1 -2X200) _ _^ (6- 1 -2X200) 

°' ^2000+ 100 + 200 °' "^2000+ 100 + 200 



and (2.6) gives 



Reg = (100%) = 8.1% 



2.14 The circuit of Fig. 2-22{a) is to be used as a dc power supply for a load i?^ that varies from 10 Q 
to 1 k^2; is a 10-V square wave. Find the percentage change in the average value of over the 
range of load variation, and comment on the quality of regulation exhibited by this circuit. 



Let T denote the period of v<;. For i?^ = 10 Q, 



Rl + Rs ^ 10+10 
I 0 (diode blocks) 
5(7-/2) + 0(r/2) ^^^^, 



and so 
For R, 



10 = 5V 



and so K^o 
Then, by (2.6) and using J?^ : 



^^,,.1^ 10.9.9 V 
Rl + Rs 1010 

I 0 (diode blocks) 

9.9(7-/2) + 0 

f 

10 Q as full load, we have 
4.95-2.5 



0 < « < r/2 
TI2<t<T 



0 < /■ < r/2 
T/2<t<.T 



■- 4.95 V 



Reg: 



2.5 



(100%) = 98% 



This large value of regulation is prohibitive for most applications. Either another circuit or a filter network 
would be necessary to make this power supply useful. 



2.15 The circuit of Fig. 2-32 adds a dc level (a bias voltage) to a signal whose average value is zero. If 
vg is a 10-V square wave of period T, Rl = Ry = XQQ., and the diode is ideal, find the average 
value of Vj^. 




Fig. 2-32 

For Vi > 0, D is forward-biased and Vl = = lOV. For <0, D is reverse-biased and 

Rl 10 



Thus, 



Rl + Ri 10 + 10 
10(r/2) + (-5X7-/2) _ 
T 



(-10) = -5V 
. 2.5V 
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For some symmetrical input signals, this type of circuit could destroy the symmetry of the input. 



2.16 Size the filter capacitor in the rectifier circuit of Fig. 2- 15(a) so that the ripple voltage is approxi- 
mately 5 percent of the average value of the output voltage. The diode is ideal, i?^ = 1 kfi, and 
Vg = 90 sin 2000? V. Calculate the average value of Vi^ for this filter. 

With F, = 0.05, (2.10) gives 

"'y«i,(0.05) ^ (2000/2jr)(l x 10')(0.05) ^ ' 
Then, using the approximations that led to {2.10), we have 



■ i A^i = Vs,„ - 2^ ^ Vs,„(^ - ^1 = (90)(0.975) = 87.75 V 



2.17 In the positive chpping circuit of Fig. 2-17(fl), the diode is ideal and is a 10-V triangular wave 
with period T. Sketch one cycle of the output voltage v„ if F/, = 6 V. 

The diode blocks (acts as an open circuit) for i;, < 6V, giving Vo = Vj. For i;, > 6V, the diode is in 
forward conduction, clipping to effect v^ — 6Y. The resulting output voltage waveform is sketched in 
Fig. 2-33. 
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Fig. 2-33 



2.18 Draw a transfer characteristic relating v,, to Vj for the positive chpping network of Problem 2.17. 
Also, sketch one cycle of the output waveform if Vj = 10 sin cor V. 

The diode blocks for u, < 6V and conducts for u, > 6V. Thus, v„ = d, for Vj < 6V, and = 6V for 
Vi > 6 V. The transfer characteristic is displayed in Fig. 2-34(a). For the given input signal, the output is a 
sine wave with the positive peak clipped at 6V, as shown in Fig. 2-34(6). 



2.19 Reverse the diode in Fig. 2-17(fl) to create a negative clipping network, {a) Let = 6 V, and 
draw the network transfer characteristic. (ft) Sketch one cycle of the output waveform if 
= lOsinai? V. 
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V,„ Vm 



L 




Fig. 2-34 



(o) The diode conducts for < 6V and blocks for > 6V. Consequently, = v/ for d, > 6V, and 
t;„ = 6V for u, < 6V. The transfer characteristic is drawn in Fig. 2-35(«). 

(h) With negative clipping, the output is made up of the positive peaks of \0 sin cot above 6V and is 6V 
otherwise. Figure 2-35(h) displays the output waveform. 



2.20 The signal, vi = 10sintt)?V, is applied to the negative clamping circuit of Fig. 2-18(6). Treating 
the diode as ideal, sketch the outpvit waveform for 1 ^ cycles of Vj. The capacitor is initially 
uncharged. 

For 0 < / < T/4, the diode is forward-biased, giving d„ = 0 as the capacitor charges to vc = -HlOV. 
For / > T/4, D„ < 0, and thus the diode remains in the blocking mode, resulting in 

v„ — -Vc + Vj — -10 + Vj — -10(1 - sini«/) V 
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The output waveform is sketched in Fig. 2-36. 



2.21 The diodes in the circuit of Fig. 2-37 are ideal. Sketch the transfer characteristic for 
-20 V < F| < 20 V. 

Inspection of the circuit shows that I2 can have no component due to the 10-V battery because of the 
one-way conduction property D2. Therefore, is "off" for < 0; then V[,2 ~ — lOV and V2 = 0. 

Now Di is "on" if Vi > 0; however, D2 is "off" for V2 < 10. The onset of conduction for D2 occtirs 
when = 10 V with I2 = 0, or when, by voltage division, 

Hence, K, = 10 = 10 = 15 V (7) 

' A, 10 ^ 



A ^1 Ri 
' ^1 A/V^ 



5 £3 



«3 Jl^ 

_/>A/^ 

5 £3 



I 



10 V ■ 



Fig. 2-37 
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Thus, if K, > 15 V, D2 is "on" and K2 = lOV. But, for 0 < < 15 V, Xlj is "off," h = 0, and V2 is given 
as a function of by (1). Figure 2-38 shows the composite result. 



F2,V 

20- ■ 




Fig. 2-38 



2.22 Suppose diode D2 is reversed in the circuit of Fig. 2-37. Sketch the resulting transfer character- 
istic for -20 < Fi < 20 V. 

Diode D2 is now "on" and K2 = lOV until Ki increases enough so that V^/, — 10 V, at which point 
I2 = 0. That is, K2 = lOV until 

R 10 2 

^2 = Kb =10 = — K, = — K, = - K, (1) 

or until 

For > 15 V, /2 = 0 and (1) remains valid. The resulting transfer characteristic is shown dashed in Fig. 
2-38. 



2.23 Suppose a resistor i?4 = 5 f2 is added across terminals c, d of the circuit of Fig. 2-37. Describe the 
changes that result in the transfer characteristic of Problem 2.21. 

There is no change in the transfer characteristic for < 0. However, D2 remains "off' until V\ > 0 
increases to where V2 = lOV. At the onset of conduction for D2, the current through D2 is zero; thus, 

' i?i-hi?2 11(^3 + ^4) 10 " ^ «2 + ^3 + «4 ' 2 

Hence, by Ohm's law, 

K2-/2i^,-^-^-^ 

Vi - HKa - 2 " 20 " 4 

Thus, V\ = 40V when V2 = 10 V, and it is apparent that the breakpoint of Problem 2.21 at Vi = 15V has 
moved to V[ = 40 V. The transfer characteristic for —20 < V[ <20 is sketched in Fig. 2-38. 



2.24 Sketch the i-v inpvit characteristic of the network of Fig. 2-39(a) when (a) the switch is open and 
(h) the switch is closed. 

The solution is more easily found if the current source and resistor are replaced with the Thevenin 
equivalents Vj-i, = IR and Ajy, = R. 

(a) KVL gives v = iRji, + IR, which is the equation of a straight line intersecting the / axis at — / and the v 
axis at IR. The slope of the line is l/R. The characteristic is sketched in Fig. 2-39(6). 

(h) The diode is reverse-biased and acts as an open circuit when v > 0. It follows that the i-v characteristic 
here is identical to that with the switch open if ?; > 0. But if ?; < 0, the diode is forward-biased, acting 
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IR 



(b) 



(c) 



Fig. 2-39 



as a short circuit. Consequently, v can never reach the negative vakies, and the current / can increase 
negatively without limit. The corresponding i-v plot is sketched in Fig. 2-39(c). 



2.25 In the small-signal circuit of Fig. 2-40, the capacitor models the diode diffusion capacitance, so 
that C = C^i = 0.02 /xF, and v,/, is known to be of frequency w = 10^ rad/s. Also, i\i = 2.5 Q and 
ZtIi = Rjii = 10 Find the phase angle (a) between ij and and (b) between and v,h. 



Fig. 2-40 



(a) The diffusion capacitance produces a reactance 

1 



Xj - 



wC,, (10^X0.02 X 10-«) 



5S^ 



so that 



(2.5)(5|-90°) 

= /-rflK-iX/) = ^ = 2.236 1-26.57° = 2 -j\ Q. 



2.5 -j5 

Thus, leads vj by a phase angle of 26.57°. 
(h) Let Z^ij be the impedance looking to the right from d,;,; then 

Zeg = Zn + Z,, = 10 + (2 -./I) = 12 - jl = 12.04 1-4.76° Q 

Hence, v,/, leads vj by an angle of 26.57° — 4.76° — 21.81°. 



2.26 Using ideal diodes, resistors, and batteries, synthesize a function-generator circuit that will yield 
the i-v characteristic of Fig. 2-41(fl). 

Since the i-v characteristic has two breakpoints, two diodes are required. Both diodes must be oriented 
so that no current flows for d < — 5V. Further, one diode must move into forward bias at the first 
breakpoint, v = — 5V, and the second diode must begin conduction at v= -I-IOV. Note also that the 
slope of the i-v plot is the reciprocal of the Thevenin equivalent resistance of the active portion of the 
network. 
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(a) 



V, V 



Fig. 2-41 



® 



® 



® 



The circuit of Fig. 2-41(A) will produce the given i-v plot if 
F2 = lOV. These values are arrived at as follows: 



6kQ, R2 = 3kn, K, = 5V, and 



1. If u < — 5V, both and are negative, both diodes block, and no current flows. 

2. If — 5 < u < 10 V, D[ is forward-biased and acts as a short circuit, whereas «j)2 is negative, causing D2 to 
act as an open circuit. is found as the reciprocal of the slope in that range: 



^1 = 



10 -(-5) 
0.0025 



= 6kQ 



If j; > 10 V, both diodes are forward-biased. 



RtI7 — 



and 



R2 



20- 10 

Ri+R2^ Ai ^ (7.5-2.5) x 10"' 
R,Rti, (6 X 10')(2 X 10') 



2kQ. 



R, - R 



Th 



4 X 10' 



3kf2 



2.27 For the resistor and battery values of Problem 2.26, use SPICE methods to simulate the function 
generator circuit of Fig. 2-A\{b). Implement using default diode parameters. Determine the 
values of input voltage v for which the two break points occur. 

The describing netlist code appears below: 



Prb2_27 . CIR 

V 1 0 DC OV 
Dl 1 2 DMOD 
Rl 2 3 6kohm 

VI 0 3 DC 5V 
D2 1 4 DMOD 
R2 4 5 3kohm 
V2 5 0 DC lOV 

.DC V -lOV 25V 0 .25V 
.MODEL DMOD D ( ) 
.PROBE 
.END 



After executing < Prb2_27.CIR > , the Probe feature is used to plot the resulting i-v characteristic of Fig. 
2-42, where it is seen that the nonideal diodes have resulted in shifts of the — 5V and — lOV break points of 
Fig. 2-41(fl) to -4.54 V and 10.61 V, respectively. 
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10 mA-r- 



5 mA 



-0 mAH 

-20 V 




(-4.54 V) 



0 V 



20 V 40 V 



□ - I(v) 



Fig. 2-42 



2.28 Find for the full-wave rectifier circuit of Fig. 2-43(fl), treating the transformer and diodes as 
ideal. Assume Rg = 0. 




The two voltages labeled V2 in Fig. 2-43(a) are identical in magnitude and phase. The ideal transformer 
and the voltage source vg can therefore be replaced with two identical voltage sources, as in Fig. 2-43(6), 
without altering the electrical performance of the balance of the network. When vg/n is positive, £)] is 
forward-biased and conducts but D2 is reverse-biased and blocks. Conversely, when vg/n is negative, D2 
conducts and Dj blocks. In short, 

'01 



By KCL, !l 



■"si" 
R, 



> 0 



'd1 + 'd2 ■ 



|f,sV"l 



and 



>D2 — 



Vg 

n 



0 



' Rl n - 



and so v^^ = RJ^ = \vg/n\. 
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2.29 For the full-wave rectifier circuit of Fig. 2-43(a), let vg = 120V2sin(1207rO V, Rg = 0.001 S2, 

-R^ = 5^2, and the ideal transformer has a turns ratio of 10:1. Using SPICE methods and 
assuming ideal diodes, plot the output voltage Vj^ and diode currents and ij)2- Compare 
the results with predicted values based on the solution of Problem 2.28. 

The netUst code for analysis of the circuit is 



Prb2_29.CIR - FW rectifier 

vs 1 0 SIN( OV {sqrt (2) *120V} 60Hz ) 

Rs 1 2 0 . OOlOohm 

* Ideal transformer , 10 : 1 ratio 

LI 2 0 IH IC=-0.39A 

L2 3 0 lOmH 

L3 0 4 lOmH 

kail LI L2 L3 1 

Dl 3 5 DMOD 

D2 4 5 DMOD 

RL 5 0 5ohm 

.MODEL DMOD D(n=0. 0001) ; Ideal diode 
.TRAN lus 16.667ms Os le-6s UIC 
.PROBE 
.END 



Execution of <Prb2_29.CIR> and use of the Probe feature of PSpice result in the plots of Fig. 2-44 
where the peak values of vi, and i^i have been marked. 




□ I (Dl) o I (D2) 

Time 

Fig. 2-44 



Based on the results of Problem 2.28, the predicted peak values of and ijji are given by 



_ vsm<,Jn _ I20V2/IO _ , „ . 

'01 max — 5 — J — J Jy 

«L -> 

fLmax = = 77^- = lO-y ' * 

It lU 



The predicted values and the SPICE results are in agreement. 
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2.30 The Zener diode in the voltage-regulator circuit of Fig. 2-45 has a constant reverse breakdown 
voltage = 8.2 V, for 75 mA < /z < 1 A. If i?^ = 9 Q, size Rs so that = Vz is regulated to 
(maintained at) 8.2 V while V/, varies by ±10 percent from its nominal value of 12 V. 




By Ohm's law 



Now an application of KVL gives 



Fig. 2-45 



,,.^.^.^.0.911A 



R, 



'z + 'l 

and we use (7) to size ^5 for maximum Zener current at the largest value of Fj: 

(l.l)(12)-8.2 



1-1-0.911 

Now we check to see if > 75 mA at the lowest value of K;,: 

V„ - Vz . (0.9)(12) - 8.2 



= 2.62!^ 



'z = 



Rs 2.62 
Since iz > 75 mA, vz = Vz = 8.2 V and regulation is preserved. 



0.911 = 81.3 mA 



(1) 



2.31 A Zener diode has the specifications Fz = 5.2V and P^in,.,^ = 260mW. Assume Rz = 0. 
(a) Find the maximum allowable current iz when the Zener diode is acting as a regulator. 
(h) If a single-loop circuit consists of an ideal 15-V dc source Vg, a variable resistor R, and 
the described Zener diode, find the range of values of R for which the Zener diode remains in 
constant reverse breakdown with no danger of failure. 

• , -fornix 260 X 10"' . 
(«) 'zmax = /z = -^ + =50mA 



(b) By KVL, 



5.2 



V - V7 

= J^'z + ^z so that R = — - 

'z 



From Section 2.10, we know that regulation is preserved if 

R<^^1^= 15-5.2 ^^^^^^ 

-0.1/zmax (0.1X50x10-3) 



Overcurrent failure is avoided if 



Vs-Vz 15-5.2 
R > — = ^ = 196 f2 

" /Zm.x 50 X 10-3 



Thus, we need 196S2 < A < 196 kf2. 
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2.32 A light-emitting diode (LED) has a greater forward voltage drop than does a common signal 
diode. A typical LED can be modeled as a constant forward voltage drop vd = 1.6 V. Its 
luminous intensity 4 varies directly with forward current and is described by 

4 = AOij) s» milUcandela (mcd) 

A series circuit consists of such an LED, a current-hmiting resistor R, and a 5-V dc source Vs- 
Find the value of R such that the luminous intensity is 1 mcd. 



By (7), we must have 



From KVL, we have 



/^=^ = i- = 25mA 
" 40 40 



Fs = A!o + 1.6 

io 25 X 10-3 



so that R = . ^'^ = — \^ = 136 f2 



2.33 The reverse breakdown voltage of the LED of Problem 2.32 is guaranteed by the manufac- 
turer to be no lower than 3 V. Knowing that the 5-V dc source may be inadvertently applied so 
as to reverse-bias the LED, we wish to add a Zener diode to ensure that reverse breakdown of the 
LED can never occur. A Zener diode is available with Vz = 4.2 V, Iz = 30 mA, and a forward 
drop of 0.6 V. Describe the proper connection of the Zener in the circuit to protect the LED, and 
find the value of the luminous intensity that will result if R is unchanged from Problem 2.32. 

The Zener diode and LED should be connected in series to that the anode of one device connects to the 
cathode of the other. Then, even if the 5-V source is connected in reverse, the reverse voltage across the 
LED will be less than 5 — 4.2 = 0.8 V < 3 V. When the dc source is connected to forward-bias the LED, we 
will have 

K,. - K^LED - Vfz 5-1.6-0.6 
">= R = ne = 20-6mA 

so that 4 = 40;^ = (40)(20.6 x lO"') = 0.824 mcd 



Supplementary Problems 

2.34 A Si diode has a saturation currrent /„ = 10 nA at r= 300°K. (a) Find the forward current ij, if the 
forward drop vj) is 0.5 V. {b) This diode is rated for a maximum current of 5 A. What is its junction 
temperature at rated current if the forward drop is 0.7 V. Ans. (a) 2.47 A; (6) 405.4°K 

2.35 Solve Problem 2.1 for a Si diode. Ans. > .0.2372 V 

2.36 Laboratory data for a Si diode described by (2.1) show that io = 2mA when vd = 0.6 V, and ii, = 10mA for 
vj) = 0.7 V. Find (a) the temperature for which the data were taken, and (b) the reverse saturation 
current. Ans. (a) 87.19°C; (b) 2.3,91 nA 

2.37 For what voltage vo will the reverse current of a Ge diode that is described by (2.7) reach 99 percent of its 
saturation value at a temperature of 300°K? Ans. 1;^ = -0.1191V 

2.38 Find the increase in temperature AT necessary to increase the reverse saturation current of a diode by a 
factor of 100. Ans. 66.4°C 
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2.39 The diode of Problem 2.34 is operating in a circuit wliere it has dynamic resistance i-j = 100 Q. What must 
be the quiescent conditions? Ans. V^q — 0.263 V, I^q — 0.259 mA 

2.40 The diode of Problem 2.34 has a forward current = 2 + 0.004sinftj/mA. Find the total voltage, 
^'D ~ + across the diode. Ans. vjj — 339.5 + 0.0207 sin (i)/mV 

2.41 Find the power dissipated in the load resistor ~ lOOfi of the circuit of Fig. 2-22(a) if the diode is ideal 
and 1'^. = 10sina)/V. Ans. 206.6 mW 

2.42 The logic AND gate of Fig. 2-46(a) has trains of input pulses arriving at the gate inputs, as indicated by Fig. 
2-47(6). Signal V2 is erratic, dropping below nominal logic level on occasion. Determine 

Ans. lOV for 1 < r < 2ms, 5V for 4 < t < 5 ms, zero otherwise. 



n- 



V2 



D2 



(«) 



nov 



■ R=\kQ. 



0 1 2 3 4 5 



t, ms 



t, ms 



Fig. 2-46 



2.43 The logic AND gate of Fig. 2-46(fl) is to be used to generate a crude pulse train by letting = lOsincD^V 
and V2 = 5Y. Determine (a) the amplitude and (b) the period of the pulse train appearing as v^. 
Ans. (a) 5V; (h) Itt/w 

2.44 In the circuit of Fig. 2-29, is a 10-V square wave with a 4-ms period. The diode is nonideal, with the 
characteristic of Fig. 2-26{h). If the capacitor is initially uncharged, determine vc for the first cycle of 
Ans. 9.5(1 - e-""')V for 0 < / < 2ms and 4.62V for 2<t< 4ms 

2.45 The forward voltage across the diode of Problem 2.35 is V[, — 0.3 + 0.060 cos ?V. Find the ac component of 
the diode current Ans. 2.52 cos /mA 

2.46 The circuit of Fig. 2-47(a) is a voltage-doubler circuit, sometimes used as a low-level power supply when the 
load Ri^ is reasonably constant. It is called a "doubler" because the steady-state peak value of is twice the 
peak value of the sinusoidal source voltage. Figure 2-41(h) is a sketch of the steady-state output voltage for 
ti, = lOcosiD/V. Assume ideal diodes, g) = 120:irrad/s, C[—20fiF, C2 = lOOjuF, and Ri^ — 20kQ. 
(a) Solve by SPICE methods for the decay time tj. (b) From the SPICE results, determine the peak-to- 
peak value of the ripple voltage. (Netlist code available from author website.) 

Ans. (a) 15.52 ms; (b) 0.75 V 
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Fig. 2-47 



2.47 Find the diode current during one capacitor-charging cycle in the rectifier circuit of Fig. 2- 15(a) if 
C — Al fiF, = 1 kQ, and = 90 cos 2000/ V. (Hint: The approximate ripple formula cannot be used, 
as it implicitly assumes zero capacitor charging time. Instead, solve for capacitor current and load current, 
and add.) Ans. = -8.49sin(2000/ - 0.6°) A for 2.966ms </< 3.142ms 

2.48 In the circuit of Fig. 2-32, — Ri^ — 10 If the diode is ideal and — WsmwtN, find the average value 
of the load voltage Ans. 3.18 V 

2.49 Rework Problem 2.20 with the diode of Fig. 2-18(/)) reversed and all else unchanged. (The circuit is now a 
positive clamping circuit.) 

Ans. v„ = 10sinfti«V for 0 < / < T/2, 0 for T /l < t < 7,T/A, and 10(1 - s,m(Dt)\ for t > 37/4 

2.50 Four diodes are utilized for the full-wave bridge of Fig. 2-48. Assuming that the diodes are ideal and that 
vg — K„ sin&)/, (a) find the output voltage d^. and {b) find the average value of d^. 

Ans. (a) = V,„\ smwt\ V; (h) V^q = 2V,j7i 

2.51 A shunt filter capacitor (see Example 2. 1 3) is added to the full-wave rectifier of Problem 2.50. Show that the 
ripple factor is given by F, = 2/(4/^^0 - 1) l/lfR^C. 

2.52 Add a 470 /xF filter capacitor across points a, h in the full-wave rectifier circuit of Fig. 2-48. If i?^ = 1 kSl 
and vg — I20V2 sin(120jr/) V, use SPICE methods to determine (a) the magnitude (peak-to-peak) of the 
output ripple voltage and (b) the average value of output voltage. (Netlist code available at author 
website.) Ans. (a) A^^ = 2.79 V; (h) K^o = 168.34 V 

2.53 The level-discriminator circuit (Fig. 2-49) has an output of zero, regardless of the polarity of the input signal, 
until the input reaches a threshold value. Above the threshold value, the output duplicates the input. Such 
a circuit can sometimes be used to eliminate the effects of low-level noise at the expense of slight distortion. 
Relate v„ to u, for the circuit. 

Ans. Vg = Vj(l — A/\Vj\) for > A, and 0 for < A 




Fig. 2-48 Fig. 2-49 
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2.54 The diode of Fig. 2-39(a) is reversed, but all else remains the same. Write an equation relating v and / when 
(a) the switch is open and {b) the switch is closed. 

Ans. {a) V = R(i + /); (h) v = R(i + I) for ; < /, and d = 0 for ; > / 

2.55 The Zener diode in the voltage-regulator circuit of Fig. 2-45 has vz = Vz = 18.6V at a minimum iz of 
1 5 mA. If Fft = 24 ± 3 V and varies from 250 to 2 kO., (a) find the maximum value of to maintain 
regulation and {h) specify the minimum power rating of the Zener diode. 

Ans. (a) 26.8 S^; (h) 4.65 W 

2.56 The regulator circuit of Fig. 2-45 is modified by replacing the Zener diode with two Zener diodes in series to 
obtain a regulation voltage of 20 V. The characteristics of the two Zeners are 

Zener 1: = 9.2 V for 15 < < 300 mA 

Zener 2: Vz = 10.8 V for 12 < iz < 240 mA 
(a) if varies from 10 mA to 90 mA and Vf, varies from 22 V to 26 V, size Rgio that regulation is preserved. 
(h) Will either Zener exceed its rated current? 

Ans. (a) 19.6 Q ; (h) for K/, — 26V, iz\ — izi ~ 296mA, which exceeds the rating of Zener 2 

2.57 The two Zener diodes of Fig. 2-50 have negligible forward drops, and both regulate at constant Vz for 
50mA < iz < 500mA. If R^ ^ R^^ ^ lOQ, Vzi = 8V, and Vz2 = 5V, find the average value of load 
voltage when d, is a 10-V square wave. Ans. 0.75 V 

R ^' ■^^ 

^ j4 



Fig. 2-50 



2.58 The Zener diode of Problem 2.31 is used in a simple series circuit consisting of a variable dc voltage source 
Vs, the Zener diode, and a current-limiting resistor R = 1 kf^. (a) Find the allowable range of Vg for which 
the Zener diode is safe and regulation is preserved, (h) Find an expression for the power dissipated by the 
Zener diode. Ans. (a) 10.2V < < 55.2V; (b) Pd = Vzi^s - ^'z)/^ 



2.59 The varactor diode is designed to operate reverse-biased and is manufactured by a process that increases the 
voltage-dependent depletion capacitance or junction capacitance C,-. A varactor diode is frequently con- 
nected in parallel with an inductor L to form a resonant circuit for which the resonant frequency, 
/k = 1 /Ijt^LCj, is voltage-dependent. Such a circuit can form the basis of a frequency modulation (FM) 
transmitter. A varactor diode whose depletion capacitance is Cj — 10~"/(1 — O.ISvd)'^'^ F is connected in 
parallel with a 0.8-/xH inductor; find the value of required to establish resonance at a frequency of 
100 MHz. Ans. = -11.966V 



2.60 An LED with luminous intensity described by (1) of Problem 2.32 is modeled by the piecewise-linear 
function of Fig. 2-1 1(/)), with Rf = 3Q and Vj? = 1.5V. Find the maximum and minimum luminous 
intensities that result if the LED is used in a series circuit consisting of the LED, a current-limiting resistor 
R = 125 f2, and a source ^.j = 5 -|- 1.13 sinO.l/V. (Note: Since the period of vg exceeds 1 minute, it is logical 
to assume that luminous intensity follows without the necessity to consider the physics of the light- 
emitting process.) Ans. /„„;,x = 1.798 mcd, = 0.9204 mcd 




Characteristics of 
Bipolar Junction 
Transistors 



3.1. BJT CONSTRUCTION AND SYMBOLS 

The bipolar junction transistor (BJT) is a three-element {emitter, base, and collector) device made 
up of alternating layers of n- and /"-type semiconductor materials joined metallurgically. The 
transistor can be of pup type (principal conduction by positive holes) or of npn type (principal 
conduction by negative electrons), as shown in Fig. 3-1 (where schematic symbols and positive current 
directions are also shown). The double-subscript notation is utilized in labeling terminal voltages, so 
that, for example, vbe symbolizes the increase in potential from emitter terminal E to base terminal B. 
For reasons that will become apparent, terminal currents and voltages commonly consist of super- 
imposed dc and ac components (usually sinusoidal signals). Table 3-1 presents the notation for 
terminal voltages and currents. 



Table 3-1 



Type of Value 


Symbol 


Examples 


Variable 


Subscript 


total instantaneous 


lowercase 


uppercase 


""be 


dc 


uppercase 


uppercase 


Ib^ ^be 


quiescent-point 


uppercase 


uppercase plus Q 


Ibq^ ^beq 


ac instantaneous 


lowercase 


lowercase 


ih, ""he 


rms 


uppercase 


lowercase 


4, Vhe 


maximum (sinusoid) 


uppercase 


lowercase plus m 


^bm ■> ^beni 
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Example 3.1. In the npn transistor of Fig. 3-l(<3), 10 lioles/jits move from the base to the emitter region while 10 
electrons/jtiS move from the emitter to the base region. An ammeter reads the base current as /g = 16 /nA. 
Determine the emitter current and the collector current 



Emitter 



Collector 
(C) 



Emitter 
(E) 



Collector 
(C) 



Base 



•c 



(a) npn Transistor 



Fig. 3-1 



(b) pnp Transistor 



The emitter current is found as the net rate of flow of positive charge into the emitter region: 

iE = (1.602 X 10-"C/hole)(10"holes/s) - (-1.602 x 10"" C/electron)(10'^ electrons/s) 



= 1.602 X 10"^ + 1.602 X 10"^ = 1.618mA 



Further, by KCL, 



'c = 'e - 'b = 1-618 X 10"' - 16 X 10"^ = 1.602mA 



3.2. COMMON-BASE TERMINAL CHARACTERISTICS 

The common-base (CB) connection is a two-port transistor arrangement in which the base shares a 
common point with the input and output terminals. The independent input variables are emitter current 
and base-to-emitter voltage v^g. The corresponding independent output variables are collector 
current ic and base-to-collector voltage vqb- Practical CB transistor analysis is based on two experi- 
mentally determined sets of curves: 

1. Input or transfer characteristics relate i^ and Veb (port input variables), with vcb (port output 
variable) held constant. The method of laboratory measurement is indicated in Fig. 3-2(fl), and 
the typical form of the resulting family of curves is depicted in Fig. 'i-2{b). 

2. Output or collector characteristics give ic as a function of vcb (port output variables) for con- 
stant values of i^ (port input variable), measured as in Fig. 3-2(fl). Figure 3-2(c) shows the 
typical form of the resulting family of curves. 



3.3. COMMON-EMITTER TERMINAL CHARACTERISTICS 

The common-emitter (CE) connection is a two-port transistor arrangement (widely vised because of 
its high cvirrent amplification) in which the emitter shares a common point with the inpvit and output 
terminals. The independent port input variables are base current Ib and emitter-to-base voltage Vbe-, and 
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ib) (c) 
Fig. 3-2 Common-base characteristics (pnp. Si device) 

the independent port output variables are collector current ic and emitter-to-collector voltage v^^- Like 
CB analysis, CE analysis is based on: 

1. Input or transfer characteristics that relate the port input variables i^ and Vg^, with v^e held 
constant. Figure 3-3(a) shows the measurement setup, and Fig. 3-3(ft) the resulting input 
characteristics. 

2. Output or collector characteristics that show the functional relationship between port outport 
variables ic and v^e for constant ig, measured as in Fig. 3-3(i2). Typical collector characteristics 
are displayed in Fig. 3-3(c). 



3.4. BJT SPICE MODEL 

The element specification statement for a BJT must exphcitly name a model even if the default model 
parameters are intended for use. The general form of the transistor specification statement is as follows: 

Q • • • «i M2 "3 model name 

Nodes n|,«2' ^^id n^ belong to the collector, base, and emitter, respectively. The model name is an 
arbitrary selection of alpha and numeric characters to uniquely identify the model. Positive current and 
voltage directions for the pnp and npn transistors are clarified by Fig. 3-4. 

In addition, a .MODEL control statement must be added to the nethst code. This control statement 
specifies whether the transistor is pnp or npn and thus has one of the following two forms: 
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- VC(Q -) + 
lE(Q-) IC{Q-) 



- VC{Q -) + 
IE(Q-) IC{Q-) 



VB{Q-) 



IB (2 ■•) 



VB (G -) 



\lB(Q-) 



(a) npn Transistor 



(b) pnp Transistor 



Fig. 3-4 



.MODEL model name PNP (parameters) 
.MODEL model name NPN {parameters) 

If the parameter field is left blank, default values are assigned. Non-default desired parameter specifica- 
tions are entered in the parameter field using the format parameter name = value. Specific parameters 
that are of concern in this book are documented by Table 3-2. 

All parameter values are entered with positive values regardless of whether the transistor is pnp or 
npn. Two transistor models will be used in this chapter — generic model and default model — as intro- 
duced in Example 3.2. 
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Table 3-2 



Parameter 


Description 


Major Impact 


Default 


Units 


Is 


saturation current 


t Is, 4- ^BEQ 


1 X 10 


A 


iKt 


high current roll-off 


1 Tl^f 1 T 

4- Ikt, 4. Ic 


00 


A 

A 


Isc 


base-collector leakage 


t Isc, t Ic 


0 


A 


Bf 


forward current gain 


t Bf, t Ic 


100 




Br 


reverse current gain 


t Br, t rev. I^ 


1 




Rb 


base resistance 


t Rb, 4. die/dvBE 


0 


Q 


Rc 


collector resistance 


t Rc, t VcE.al 


0 


Q 


Va 


forward Early voltage 


4. Va, t dic/dt 


00 


V 


Cjc 


base-collector capacitance 


high freq. response 


0 


F 


Cje 


base-emitter capacitance 


high freq. response 


0 


F 



Example 3.2. Use SPICE methods to generate the CE collector characteristics for an npn transistor characterized 
by (a) the default parameter values and {h} a reasonable set of values for the parameters appearing in Table 3-2. 

(a) Figure 3-5{a) shows a connection method to obtain data for the collector characteristics. The netlist code that 
follows will generate the desired data for default parameter values. 



Ex3_2 . CIR 
lb 0 1 OuA 
Q 2 1 0 QNPN 
*Q 2 1 0 QNPNG 
VC 2 0 OV 

.MODEL QNPN NPN ( ) ;DefaultBJT 

* .MODEL QNPNG NPN (Is = 10f A Ikf = 150mA Isc = 10f A Bf = 150 

*+ Br=3 Rb=lohm Rc = lohm Va=30V Cjc=10pF C je=15pF) 

.DC VC OV 15V IV lb OuA 150uA 25uA 

.PROBE 

.END 



Execute (Ex3_2.CIR) and use the Probe feature of PSpice to produce the collector characteristics for the default 
BJT mode! (QNPN or QPNP) shown by Fig. 3-5(h). 



® 




(a) 
Fig. 3-5 
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(h) Edit (Ex3_2.CIR> to move the leading asterisks up one position on both the transistor specitication statement 
and the .MODEL statements. Execute the revised (Ex3_2.CIR) and use the Probe feature of PSpice to produce 
the collector characteristics for the generic BJT model (QNPNG or QPNPG) as displayed by Fig. 3-5(c). 

Example 3.3. Apply SPICE methods to determine the CE transfer characteristics for the generic npn transistor 
(QNPNG). 

Figure 3-6{a) presents the connection method chosen for determination of the transfer characteristics. The 
associated netlist code follows: 



75 mA 











® 




Q 








+ 















® 

(a) 



40 mA 



-0 mA 




0 V 



IB(Q) 



Fig. 3-6 
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Ex3_3 . CIR 
Vbe 1 0 OV 
Q 2 10 QNPNG 
Vc 2 0 IV 

.MODEL QNPNG NPN{ Is=10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br = 3 Rb=lohm Rc = lohm Va=30V Cjc = 10pF Cje = 15pF) 

. DC Vbe OV 2V 0 . OIV Vc OV 2V 0 . 2V 

.PROBE 

.END 



Execution of (Ex3_3.CIR) and use of the Probe feature of PSpice yields the desired transfer characteristics 
displayed by Fig. 3-6(h). 

Example 3.4. Using SPICE methods, determine the CB collector characteristics for the generic pup transistor 
(QPNPG). 

Figure 3-7(i7) shows the circuit for use in the determination. The netlist code below describes that circuit. 



® 0 , ® 



■Vr„ 



® 



100 mA. 



50 mA 



0 A. 



1 V 
o - IC(Q) 



-10 V -IS V 



Vcb 

(*) 



Fig. 3-7 



Ex3_4 .CIR 
le 0 1 0mA 
Q 2 0 1 QPNPG 
Vcb 2 0 OV 

.MODEL QPNPG pnp ( Is=10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br = 3 Rb=lohm Rc=lohm Va=30V Cjc=10pF Cje=15pF) 

.DC Vcb IV -15V IV le 0mA 100mA 10mA 

.PROBE 

.END 



Execution of (Ex3_4.CIR) and use of the Probe feature of PSpice results in the desired CB collector character- 
istics of Fig. 3-7(6). 
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3.5. CURRENT RELATIONSHIPS 

The two pn junctions of the BJT can be independently biased, to result in four possible transistor 
operating modes as summarized in Table 3-3. A junction is forward-biased if the n material is at a lower 
potential than the p material, and reverse-biased if the n material is at a higher potential than the p 
material. 



Table 3-3 



Emitter-Base 
Bias 


Collector-Base 
Bias 


Operating 
Mode 


forward 


forward 


saturation 


reverse 


reverse 


cutoff 


reverse 


forward 


inverse 


forward 


reverse 


linear or active 



Saturation denotes operation (with \vce\ ^ 0.2 V and \vbc\ ~ 0.5 V for Si devices) such that max- 
imum collector current flows and the transistor acts much hke a closed switch from collector to emitter 
terminals. [See Figures 3-2(c) and 3-3(t).] 

Cm;o/7' denotes operation near the voltage axis of the collector characteristics, where the transistor 
acts much like an open switch. Only leakage current (similar to Ig of the diode) flows in this mode of 
operation; thus, ic = Iceo ^ 0 for CB connection, and ic = Icbo 0 for CE connection. Figures 3-2(c) 
and 3-3(t) indicate these leakage currents. 

The inverse mode is a little-used, inefficient active mode with the emitter and collector interchanged. 

The active or linear mode describes transistor operation in the region to the right of saturation and 
above cutoff in Figs. 3-2(c) and 3-3(c); here, near-hnear relationships exist between terminal currents, 
and the foUowing constants of proportionaUty are defined for dc currents: 

a{= hrB) = -J {3.1) 

P(= hpE) = -. = {3.2) 

1 - « Ib 

where the thermally generated leakage currents are related by 

ICE0 = {P+'^)ICB0 {3.3) 

The constant a < 1 is a measure of the proportion of majority carriers (holes for pup devices, electrons 
for npn) injected into the base region from the emitter that are received by the collector. Equation (5.2) 
is the dc current amplification characteristic of the BJT: Except for the leakage current, the base current 
is increased or amplified p times to become the collector current. Under dc conditions KCL gives 

lE = Ic + h {3.4) 

which, in conjunction with {3.1) through {3.3), completely describes the dc current relationships of the 
BJT in the active mode. 



Example 3.5. Determine a and P for the transistor of Example 3.1 if leakage currents (flow due to holes) are 
negligible and the described charge flow is constant. 
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If we assume Icbo = Iceo = 0> then 



^. ^ ^ 'iT - ^ 1.602- 0.016 ^^^ ^^ 



and 1^^1^^.99.125 



lE is 1-602 
/c^ ii.-ifl ^ 1.602 -().( 
is is 0.016 



Example 3.6. A BJT has a = 0.99, /j, = 4 = 25 imA, and /cso = 200 nA. Find (a) the dc collector current, (b) the 
dc emitter current, and (c) the percentage error in emitter current when leakage current is neglected. 



(a) With a = 0.99, (3.2) gives 



P = - = 99 

I — a 



Using (3.3) in (3.2) then gives 
(Z)) The dc emitter current follows from (3.1): 



Ic = pis + (yS + \)IcBo = 99(25 x lO"*) + (99 + 1)(200 x 10"') = 2.495 mA 



Ic- Icbo ^ 2.495 x IQ-^ 200 x IQ-^ ^ ^^^^^ 
a 0.99 



(c) Neglecting the leakage current, we have 



Ic = pig = 99(25 X 10-*) = 2.475 mA so Ie = — = I13r = 2.5 mA 

a 0.99 



giving an emitter-current error of 

2.518-2.5 



2 518 (100%) = 0.71% 



3.6. BIAS AND DC LOAD LINES 

Supply voltages and resistors bias a transistor; that is, they establish a specific set of dc terminal 
voltages and currents, thus determining a point of active-mode operation (called the quiescent point or Q 
point). Usually, quiescent values are unchanged by the application of an ac signal to the circuit. 

With the universal bias arrangement of Fig. 3-8(fl), only one dc power supply iVcc) is needed to 
estabUsh active-mode operation. Use of the Thevenin equivalent of the circuit to the left of a, b leads to 
the circuit of Fig. 3-8(Z)), where 

If we neglect leakage current so that Ieq = {P+ ^Ibq and assume the emitter-to-base voltage Vbeq 
is constant 0.7 V and w 0.3 V for Si and Ge, respectively), then KVL around the emitter loop of Fig. 
3-^b) yields 

Vbb = ^ Rb + Vbeq + IeqRe {3.6) 

which can be represented by the emitter-loop equivalent bias circuit of Fig. 3-8(c). Solving (3.6) for Ieq 
and noting that 

Jeq- — ~ icQ 



we obtain 



Icq Ieq - ^— ^z^-r-iv-r^ y^-') 
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2) • + Vr. 



'1 



® 



(D 



® 



b 

(«) 



'EQ 



'EQ 



h 

"X — 

(*) 

Fig. 3-8 




BEQ 



If component values and the worst-case p value are such that 



1+1 



(3.8) 



then /fg (and thus Icq) is nearly constant, regardless of changes in /J; the circuit then has ^-independent 
bias. 

From Fig. 3-3(c) it is apparent that the family of collector characteristics is described by the 
mathematical relationship = /{vcEy 'b) with independent variable v^e and the parameter ig. We 
assume that the collector circuit can be biased so as to place the Q point anywhere in the active region. 
A typical setup is shown in Fig. 3-9(a), from which 



'CQ 



Thus, if the dc load line. 



and the specification 



VcEQ ^ VcC 



vcE^Vcc 



h — Ibq 



(3.9) 



(3.10) 



are combined with the relationship for the collector characteristics, the resulting system can be solved 
(analytically or graphically) for the collector quiescent quantities Icq and Vceq- 



Example 3.7. For the transistor circuit of Fig. 3-8(a), = 1 kQ, i^, = 20kf2, Rc = 3kQ, R^ = IQQ.. and 
Vcc = 15 V. If the transistor is the generic npn transistor of Example 3.3, use SPICE methods to determine the 
quiescent values IgQ, Vseq, Icq^ "ind Vceq- 
The netlist code below models the circuit. 
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EX3_7 . CIR - CE quiescent values 
Rl 0 1 Ikohm 
R2 2 1 20kohm 

RC 2 3 Skohm 
RE 4 0 lOohm 
VCC 2 0 15V 
Q 3 14 QNPNG 

.MODEL QNPNG NPN (Is = 10f A Ikf = 150mA lsc = 10f A Bf = 150 
+ Br = 3 Rb = lohm Rc = lohm Va=30V Cjc = 10pF Cje=15pF) 
.DC VCC 15V 15V IV 

.PRINT DC IB (Q) IC (Q) V( 1,4) V( 3 ,4) 
.END 



Execute (Ex3_7.CIR) and poll the output file to find 



VCC 


IB{Q) 


IC{Q) 


V(l,4) 


V(3,4) 


1.500E+01 


1.428E-05 


2.575E-03 


6.748E-01 


7.252E+00 



Where hq = IB(Q), Icq = IC(Q), Vbeq = V(l, 4), and Vceq = V(3, 4). 

Example 3.8. The signal source switch of Fig. 3-9(a) is closed, and the transistor base current becomes 

h = ^BQ + k = 40 + 20 sin wt /xA 

The collector characteristics of the transistor are those displayed in Fig. 3-9(6). If Vcc = 12 V and = 1 k€l, 
graphically determine (a) Icq and Vceq, (b) h and v^e, and (c) hpE{= P) at the Q point. 

(a) The dc load Une has ordinate intercept VccI^Ac = 12 mA and abscissa intercept Vcc = 12 V and is constructed 
on Fig. 3-9(6). The Q point is the intersection of the load line with the characteristic curve = Ibq ~ 40 /xA. 
The collector quiescent quantities may be read from the axes as Icq = 4.9 mA and Vceq = 7-2 V. 

(b) A time scale is constructed perpendicular to the load line at the Q point, and a scaled sketch of 4 = 20 sin wt fxA 
is drawn [see Fig. 3-9(6)] and translated through the load Kne to sketches of and v^e- As /(, swings ±20 /xA 
along the load line from points a to h, the ac components of collector current and voltage take on the values 

4 = 2.25sin(u/ mA and Vce = —237 sin cot V 

The negative sign on v^e signifies a 180° phase shift. 

(c) From (3.2) with Iceo = 0 [the is = 0 curve coincides with the Vce axis in Fig. 3-9(6)], 

Icq 4.9 X 10-^ 

"FF = — =^ ~ r = 122.5 

Ijsq 40 X 10-^ 

It is clear that amplifiers can be biased for operation at any point along the dc load line. Table 3-4 
shows the various classes of amplifiers, based on the percentage of the signal cycle over which they 
operate in the Unear or active region. 



Table 3-4 





Percentage of Active-Region 


Class 


Signal Excursion 


A 


100 


AB 


between 50 and 100 


B 


50 


C 


less than 50 
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3.7. CAPACITORS AND AC LOAD LINES 

Two common uses of capacitors (sized to appear as short circuits to signal frequencies) are illu- 
strated by the circviit of Fig. 3-10(fl). 





R, ^p, 



Fig. 3-10 



1 . Couphng capacitors (Cc) confine dc quantities to the transistor and its bias circuitry. 

2. Bypass capacitors (C^) effectively remove the gain-reducing emitter resistor insofar as ac 
signals are concerned, while allowing Re lo play its role in establishing /i-independent bias 
(Section 3.6). 

The capacitors of Fig. 3-10(fl) are shorted in the circuit as it appears to ac signals [Fig. 3-10(ft)]. In 
Fig. 3-\0(a), we note that the collector-circuit resistance seen by the dc bias current Icq{^ Ieq) is 

= i?^. + Re- However, from Fig. 3-1 0(^1) it is apparent that the collector signal current i^. sees a 
collector-circuit resistance R^^ = RcRe/(Rc + Rl)- Since R^^ / R^^ in general, the concept of an ac 
load line arises. By application of KVL to Fig. 3-10(ft), the v-i characteristic of the external signal 
circuitry is found to be 

Vce = icRac (3-11) 



Since = ic — Icq and v„ 



vcE — VcEQ, {3-11) can be written analogously to [3.9) as 



ic - 



VCE 



R,,,. R. 



CEQ 



+ Ic 



{3.12) 



All excursions of the ac signals i,. and v^.^ are represented by points on the ac load line, (3.12). If the 
value ic = Icq is substituted into (3.12), we find that vce = Vceq'-, thus, the ac load fine intersects the dc 
load fine at the Q point. 

Example 3.9. Find the points at which the ac load line intersects the axes of the collector characteristic. 
The ic intercept (icmax) is found by setting i;,^^ = 0 in (3.12): 



Vr. 



'Cn 



CEQ 



CQ 



The Vce intercept is found by setting ic = 0 in (3.12): 

^C£max ~ ^CEQ + IcQ^nc 



(3.13) 



(3.14) 
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Solved Problems 



3.1 For a certain BJT, = 50, Iceo = 3 M^, and 7^ = 1.2 mA. Find Tg and I^- 



By {3.2), 




1.2 X 10"^^ - 3 X 10" 
50 



,-6 



= 23.94 A 



And, directly from (3.4), 



Ic + Ib 



= 1.2 X 10"' - 23.94 X 10"* = 1.224mA 



3.2 A Ge transistor with /J = 100 has a base-to-collector leakage current Icbo of 5/xA. If the 

transistor is connected for common-emitter operation, find the collector current for 
(fl) Ib = Q and {b) h = 40 iiK. 

(a) With /g — 0, only emitter-to-collector leakage flows, and, by (3.3), 



3.3 A transistor with a = 0.98 and Icbo = 5 is biased so that IgQ = 100 /xA. Find Icq and /gg. 



And, from (3.2) and (3.4), 

Icq = Phg + Iceo = (49)(100 x 10"') + 0.25 x 10"' = 5.15mA 
Ieq = Icq + Ibq = 5.15 x 10"' -|- 100 x 10"' = 5.25 mA 

3.4 The transistor of Fig. 3-11 has a = 0.98 and a base current of 30 /uA. Find (a) p, (h) Icq, 
and (c) Ieq. Assume negligible leakage current. 



Iceo = (fi+^)lcBO = (100+ 1)(5 x 10"") = 505 M 
(h) If we substitute (3.3) into (3.2) and solve for Ic, we get 

Ic = + + l)/fBo = (100)(40 X 10"') + (101)(5 x 10"') = 4.505 mA 



By (i.2) and (3.3), 




so that 



/c£0 = (/3 + IKmo = (49 + 1)(5 X 10"') = 0.25 mA 




+ 



BB 



E 



I" 



Fig. 3-11 
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0.98 



= 49 



1-a 1 - 0.98 

(h) From (3.2) with Iceo = 0, we have Icq = PIbq = (49)(30 x 10"*') : 
(c) From (3.1) with Icbo = 0> 

/ce ^1.47 
a 0.98 



.47 mA. 



^£2 — 



= 1.50mA 



3.5 The transistor circuit of Fig. 3-11 is to be operated with a base current of 40 iiA and V^g = 6 V. 
The Si transistor (V^^q = 0.7 V) has negligible leakage current. Find the required value of R^. 

By KVL around the base-emitter loop. 



^BB — hq^B + V. 



BEQ 



so that 



BEQ 



6-0.7 
40 X 10"' 



= 132.5 kS^ 



3.6 In the circuit of Fig. 3-11, ,6= 100, /^g = 20 /xA, Vcc = 15 V, and Rc = 3kS^. If /cbo = 0, find 
(a) Ieq and {b) Vqeq- (c) Find Vqeq if -^c is changed to 6kf2 and all else remains the same. 

{a) a = = ^ = 0.9901 



Now, using (3.2) and (3.1) with 1^ 



/3+1 101 
^ ^C£0 = 0, we get 



■^ce = PIbq = (100)(20 X 10"'') = 2mA 



and 



^£2 — 



/ce _ 2 X 10" 



= 2.02 mA 



a 0.9901 

(fe) From an application of KVL around the collector circuit, 



" CEQ ■ 



V, 



cc 



■/cei?c= 15-(2)(3) = 9V 



(c) If Ibq is unchanged, then Iqq is unchanged. The solution proceeds as in part h: 



'CEQ ' 



-IcQRc^^5-(l)(6)^3y 



3.7 The transistor of Fig. 3-12 is a Si device with a base current of 40 /xA and Icso = 0- If ^bb = 6 V, 
Re = 1 k^^, and = 80, find (a) Ieq and (b) Rg- (c) If Fee = 15 V and Rc = 3 kQ, find 



V, 



CEQ- 




Fig. 3-12 
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Then combining (3.1) and (3.2) with Icbo = Iceo ~ 0 gives 



Ibq 40 X 10 



-6 



{b) Applying KVL around the base-emitter loop gives 

Vbb = IbqRb + Vbeq + IeqJ^e 

or (with Vbeq equal to the usual 0.7 V for a Si device) 

^ Vbb - VBEa - hgRE ^ 6 - 0.7 - (3.226)(1) ^ 
" Ibq 40 x lO"* 



(c) From {3.2) with = 0, 



Icq = PhQ = (80)(40 x 10"') = 3.2mA 



Then, by KVL around the collector circuit, 

VcEQ = Vcc - IeqRe - IcqRc = 15 - (3.226)(1) - (3.2)(3) = 2.174 V 



3.8 Assume that the CE collector characteristics of Fig. 2>-%b) apply to the transistor of Fig. 3-11. If 
Ibq = 20 M, VcEQ = 9 V, and Vcc = 14 V, find graphically (a) Icq, (b) Rc, (c) Ieq, and 
(d) p if leakage current is negUgible. 

(a) The Q point is the intersection of ig = I^q — 20 /nA and v^e ~ Vceq = 9 V. The dc load line must pass 
through the Q point and intersect the vce axis at V^c = 14 V. Thus, the dc load line can be drawn on 
Fig. 3-9{b), and Icq = 2.25 mA can be read as the ic coordinate of the Q point. 

(b) The ic intercept of the dc load line is Vcc/Roc = Vcc/Rc, which, from Fig. 3-9(b), has the value 
6.5 mA; thus, 

Rc — T ~ T = 2.15 kf2 

6.5 x 10-3 5 5 ^ jQ-3 

(c) By (3.4), Ieq = Icq + Ibq = 2.25 x 10"' -I- 20 x lO"** = 2.27 mA. 



(d) With IcEo = 0, (3.2) yields 

^~ Ibq~ 20 X 10-* 



'^e-- -112.5 



3.9 In the pnp Si transistor circuit of Fig. 3-13, Rg = 500 kQ, Rc = 2kQ, Re = 0, Vcc = 15V, 
Ic^o = 20 ft A, and /J = 70. Find the Q-point collector current Icq. 

By (3.3), IcEo = (P + i)IcBO = (70 -I- 1)(20 x 10"'') = 1.42mA. Now, application of the KVL around 
the loop that includes Vcc, Rb, Re(= 0), and ground 

Tr Tr , T n 4.1. ^ T ^CC " V g^Q 15 - 0.7 

Vcc = Vbeq + IbqRb so that Ibq = = 7^- — rrj = 28.6 /xA 

Kb duu X lu 

Thus, by (3.2), 

Icq = PIbq + Iceo = (70)(28.6 x 10-*) -I- 1.42 x IQ-^ = 3.42 mA 



3.10 The Si transistor of Fig. 3-14 is biased for constant base current. If /J = 80, Vceq = 8 V, 
Rc = 3kS2, and Vcc = 15 V, find (a) Icq and (b) the required value of Rg. (c) Find Rg if 
the transistor is a Ge device. 
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Fig. 3-13 



Fig. 3-14 



(a) By KVL around the collector-emitter circuit, 

f^cc- VcEQ _ 15- 



R, 3 X 10^ 

(h) If leakage current is neglected, (3.2) gives 

Icq _ 2.333 x 10"^^ 



: 2.333 mA 



— 



80 



= 29.16/.tA 



Since the transistor is a Si device, Vggg — 0.7 V and, by KVL around the outer loop, 

ycc-yBEQ_ 15-0.7 



Ibq ^29.16x10-^ 
(c) The only difference here is that Vbeq ~ 0.3 V; thus 

Rj, = ^^-^-^ ^ 504.1 kQ 
^ 29.16X10-' 



= 490.4 k!^ 



3.11 The Si transistor of Fig. 3-15 has a = 0.99 and Iceo = 0. Also, F^^ = 4V and Vcc = 12 V. 
(a) If Ieq = 1.1 mA, find R^. (h) If Vceq = -7 V, find Re- 



\ 



L 



Fig. 3-15 



{a) By KVL around the emitter-base loop. 



/^e 1.1 X 10-3 



CHAP. 3] 



CHARACTERISTICS OF BIPOLAR JUNCTION TRANSISTORS 



87 



(h) By KVL around the transistor terminals (whicli constitute a closed path), 

VcBQ = VcEQ - Vbeq = (-0.7) = -6.3 V 
With negligible leakage current, (3.1) gives 

Icq = alEQ = (0.99)(1.1 x 10"') = 1.089 mA 
Finally, by KVL around the base-collector loop, 

ycc+t^CBQ_ 12-6.3 



Rc = ^^^^ — ^ = — = 5.234 kf^ 
^ Irn 1.089 x 10-3 



3.12 Collector characteristics for the Ge transistor of Fig. 3-15 are given in Fig. 3-16. If V^^ = 2 V, 
Vcc = 12V, and Rc = 2kn, size so that Vceq = -6.4V. 



/(^, mA 



if = 7 mA 




2 0-2-4 -6 -8 -10 -12 -14 -16 -18 -20 



i'CH, V 



Fig. 3-16 



We construct, on Fig. 3-16, a dc load hne having vcb intercept —Kcc = — 12 V and ic intercept 
^cc/J^c ~ 6 mA. The abscissa of the Q point is given by KVL around the transistor terminals: 

VcBQ = Vceq - Vbeq = "6.4 - (-0.3) = -6.1 V 

With the Q point defined, we read I^q — 3 mA from the graph. Now KVL around the emitter-base loop 
leads to 



Vee + Vbeq ^ 2 + (-0.3) 
Ieq 3 X 10-3 



: 566.7^2 



3.13 The circviit of Fig. 3-17 uses current- (or shunt-) feedback bias. The Si transistor has Ic^o ~ 0^ 
^CEsat ~ ^nd = 100. If Rc = 2kQ, and Vcc = 12 V, size Rf for ideal maximum symme- 
trical swing (that is, location of the quiescent point such that Vceq = ^cc/^)- 
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Application of KVL to the collector-emitter bias circuit gives 

(IbQ + ^Cq)J^C ~ ^CC ~ ^CEQ 

With Icq — hfEljjQ, this leads to 

'^^ (hpE + l)Rc (100 + 1)(2 X 10') 
Then, by KVL around the transistor terminals, 

Ibq 29.7 X 10-« 



3.14 For the amplifier of Fig. 3-17, Cc= 100 /xF, i?f=180kfi, i?i = 2kQ, 7?5 = 100kfi, 
Fee = 12 V, and U5 = 4sin(20x IO'ttOV. The transistor is described by the default npn 
model of Example 3.2. Use SPICE methods to (a) determine the quiescent values 
(Ibq, Icq, ^beq, ^ceq) ^nd {b) plot the input and output currents and voltages {v^, ig, Vj^, ii}. 

(a) The netlist code that follows models the circuit: 



Prb3_14 . CIR - CE amplifier 

vS 1 0 SIN{OV 4V lOkHz) 

RS 12 lOOkohm 

CCl 2 3 lOOuF 

Q 4 3 0 QNPN 

RF 3 4 ISOkohm 

RC 4 5 2kohm 

VCC 5 0 12V 

CC2 4 6 lOOuF 

RL 6 0 2kohm 

.MODEL QNPN NPN ( ) ; Default transistor 

.DC VCC 12V 12V IV 

.PRINT DC IB(Q) IC(Q) V(3) V{4) 

. TRAN lus 0 . 1ms ; Signal values 

.PROBE 

.END 



Execute (Prb3_14.CIR> and poll the output file to find /gg = IB(Q) = 29.3 /.tA, Icq = 
IC(Q) = 2.93 mA, Vbeq = V(3) = 0.80 V, and Vceq = V(4) = 6.08 V. Since Vceq - Vcc/^, the tran- 
sistor is biased for maximum symmetrical swing. 
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(b) The Probe feature of PSpice is used to plot ig, i^, Vg, and v^, as displayed by Fig. 3-18. Notice the 180° 
phase shift between input and output quantities. 



40 uA-r- 



-40 uA 



2.0 mA 




-2.0 mA-^ 

□ I (RL) 
4.0 V-.- 



SEL»; 
-4.0 V + - 

0 s 50 us 

□ V(6) o V(l) 

Time 



100 us 



Fig. 3-18 



3.15 Find the value of the emitter resistor that, when added to the Si transistor circuit of Fig. 3-17, 
would bias for operation about Vceq = 5 V. Let Iceo = 0- /8 = 80, Rp = 220 kS2, Rc = 2kS2, 
and Vcc = 12 V. 



AppKcation of KVL around the transistor terminals yields 



- Vceq - Vbeq 5-0.7 

iBQ = = ^ — = ly- 



220 X 103 ■ 



545 M 



Since leakage current is zero, (3.1) and (3.2) give I^q = (P+ ^)Ice> thus KVL around the collector circuit 
gives 

(hQ + PhQ)Rc + + ^VbqRe = Vcc - Vceq 



^ Vcc - Vceq -(P+ WbqRc ^ 12 - 5 - (80 1)(19.545 x 10-^)(2 x 10^) ^ ^ 



{fi+^)lBQ 



(80 -I- 1)(19.545 X 10-«) 



3.16 In the circuit of Fig. 3-12, Ibq = 30 /xA, Rp = 1 k^, Vcc = 15 V, and = 80. Find the minimum 
value of Rc that will maintain the transistor quiescent point at saturation, if Vcssat = 0.2 V, is 
constant, and leakage current is negligible. 

We first find 



= ^ = 0.9876 



i-l- 1 81 
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Then the use of (3.2) and (3.1) with negligible leakage current yields 



and 



: (80)(30 X 10"") = 2.4 mA 



Icq _ 2.4 x 10" 
' IT ^ 0.9876 



2.43 mA 



Now KVL around the collector circuit leads to the minimum value of Rc to ensure saturation: 
Vcc - VcE..^ - IeqRe _ 15 - 0.2 - (2.43)(1) 



Rr = 



JCQ 



2.4 X 10"3 



5.154kS2 



3.17 The Si transistor of Fig. 3-19 has /J = 50 and neghgible leakage current. Let Vcc = 18 V, 
Vee = 4\,Re = 200 ^, and Rc = 4k^. (a) Find Rg so that Icq = 2 mA. (b) Determine the 
value of VcEQ for Vg of part (a). 




Fig. 3-19 



(a) KVL around the base-emitter-ground loop gives 

^EE = IbqI^B + ^BEQ + IeqI^E 

Also, from (3.1) and (J.2), 



Ieq — - 



JCQ 



(1) 



(2) 



Now, using (3.2) and (2) in (7) and solving for Rg yields 

= '^«^'g) _ + 1)^^ ^ 50(4-aJ) _ ^ j^^200) = 72.3 kQ 

Icq 2x10'' 

(h) KVL around the collector-emitter-ground loop gives 



VcEQ = Vcc ^Vee-\Rc + ^ Re Vc 



CQ 



18-1-4- (4x IQ^ + ^^gQ ^ 200 ) (2 X 10"')= 13.59 V 



3.18 The dc current source 7^ = 10 /xA of Fig. 3-19 is connected from G to node B. The Si transistor 
has negligible leakage current and /S = 50. If Rg = 75 kf2, Re = 200 S^, and Rc = 4 kS^, find the 
dc current-gain ratio Icq/ Is for W ^cc = 18 V and F£-£- = 4V, and Fcc = 22V and 
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(a) A Thevenin equivalent for the network to the left of terminals B, G has K7-/, — Rgls ^ind J^n ~ ^b- 
With the Thevenin equivalent circuit in place, KVL around the base-emitter loop yields 

J^B^S + ^EE ~ hgJ^B + ^^BEQ + IeQ^E U) 

Using (3.2) and (2) of Problem 3.17 in (1), solving for Icq, and then dividing by Ig results in the desired 
ratio: 

Icq _ RbJs+Vee-Vbeq _ (75 x 10^^)(10 x 10"') + 4 - 0.7 _ „^ 

Is ,/75xl0^ 50+1 ^ ^' 

'^'- + ^Re) (10x10-^)1^^ + ^200 

Note that the value of Vcc must be large enough so that cutoff does not occur, but otherwise it does not 
affect the value of Icq- 

(b) ^ee = 0 in (2) directly gives 
Icq ^ (75 X 10-^X10 x lO"") - 0.7 ^ ^ 

Obviously, Vg^ strongly controls the dc current gain of this amplifier. 



3.19 In the circtiit of Fig. 3-20, Vcc = 12 V, = 2 V, = 4kJ2, and Rg = 100 kS2. The Ge tran- 
sistor is characterized by (6 = 50, Iceo = 0, and VcEsnt = 0.2 V. Find the value of that just 
results in saturation if (a) the capacitor is present, and (h) the capacitor is replaced with a short 
circuit. 

(a) Application of KVL around the collector loop gives the collector current at the onset of saturation as 

^ ^ Rc 4 X 10^ 

With C blocking, I^ — 0; hence the use of KVL leads to 

Vcc-Vbeq^Vcc-Vbeq^ 12-0.3 ^ 
Ibq IcqIP (2.95 X 10-3)/50 




Fig. 3-20 
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{h) With C shorted, the apphcation of (3.2), KCL, and KVL resuhs in 
Icq 



so that 



Ibq 



■ Is + Ir 



— VbeQ ^ ^CC — ^BEQ 



Rs 



Rr 



Vc 



BEQ 



12-0.3 



Icq 



[BEQ 2.95 X 10" 
: 50 



2-0.3 
100 X 10^ 



278.6 kf2 



3.20 The Si Darlington transistor pair of Fig. 3-21 has negligible leakage current, and fii = P2 = 50. 
Let Vcc = 12 V, = 1 kQ, and R2 — > 00. (a) Find the value of i?i needed to bias the circuit so 
that VcEQi = 6V. (h) with i?| as fovind in part a, find Vceq\- 



'B2 



Fig. 3-21 

(a) Since R2 00, 1 — 0 and /g^i ~ Iri- By KVL, 
Vcc - VcEQi _ 12 - 6 



Now 
and 



^EQ2 " 



Ibq2 — 



Rf 



1 X 10' 



6 mA 



'£22 



. + 1 



^I. 



'Rl — 'BQ\ 



EQ\ 



'EQ\ 



^EQ2 



6 X 10" 



+ 1 + + (50+l)(50+l) 



2.31 /lA 



By KVL (around a path that includes R^, both transistors, and R^) and Ohm's law. 



Vr\ 



Vcc - Vbeqi - Vbeq2 - Ieq2Re _ 12 - 0.7 - 0.7 - (6 x 10"')(1 x lO') 



2.31 X 10" 



= 1.99 MS2 



(h) Applying KVL around a path including both transistors and i?^, we have 



^CEQ\ — ^cc 



Vbeq2 - Ieq2Re = 12 - 0.7 - (6 X 10"')(1 x 10^) = 5.3 V 



3.21 The Si Darhngton transistor pair of Fig. 3-21 has negligible leakage current, and Pi = P2 = 60. 
Let /?! = i?2 = 1 i?£ = 500 and Fee = 12 V. Find (a) /^gj, (h) Vceqi, and (c) Icqi- 

(a) A Thevenin equivalent for the circuit to the left of terminals a, h has 

Ri+R2 1 X lO*- + 1 X 10*" 

R,R2 (1 X 10'')(1 X 10") 

and Rn — — 7 z = 500 kQ 

R1+R2 1x10^+1x10* 
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With the Thevenin circuit in place, KVL gives 
ReaUzing that 

Ieq2 = (Pi + i)4e2 = (A + i)(/8i + 

we can substitute for I^qi in (7) and solve for Ieqii obtaining 



(1) 



_(P, + im + i){Vn- Vbeqi- Vbeqi) _ (60 + 1)(60 + 1)(6 - 0.7 - 0.7) _ 

'EQ2 — 7^ 7ZT^ TT^; — TTTZ 7771 7TTT7 — ' ■ 



500 X 10-^ + (60 + 1)(60 + 1)(500) 



25 mA 



(h) By KVL, 

VcEQi = Vcc - IeqiRe = 12 - (7.25 x 10-3)(500) = 8.375 V 
(c) From (3.1) and (3.2), 

'cQ^ - ^ 'EQ^ - ^ Ibqi - ^ ^ - 60+1 " ' ^^'^ ''^ 



3.22 The Si transistors in the differential amplifier circuit of Fig. 3-22 have negligible leakage current, 
and = 60. Also, Rc = 6.8 kQ, Rb = and Vex = = 15 V. Find the value of 

Re needed to bias the amplifier such that Vceq\ = Vceqi = 8 V. 




Fig. 3-22 



By symmetry, /^gi — Ieqi- Then, by KCL, 



(1) 



Using (1) and (2) of Problem 3.17 (which apply to the Ti circuit here), along with KVL around the left 
collector loop, gives 



Vcc + ^EE — 7, ^EQi^C + ^CEQl + ^^EQl^^E 

PI + t 



(2) 
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Applying KVL around the left base loop gives 



^EE — hni^B + ^BEQl + 'e^ 



'EQ\ 



I^B + ^BEQ\ + '^IeQ\I^E 



Solving (3) for IIjtqiRe, substituting the result into (2), and solving for I^qi yield 

iPi + ^)(ycc - n-EQi + I'beqi) ^ (60+ l)(15-8 + 0.7) 
P^Rc-Rb (60)(6.8 X 10^) - 10 X 10' 



and, by (3), 



Vee - Vbeqx - ^ Ieqx _ 15 - 0.7 - 



1.18 X 10"' 



2/; 



EQ\ 



2(1.18 X 10-') 



1.18 mA 



5.97 kS2 



(5) 



3.23 The Si transistor of Fig. 3-23 has negligible leakage current, and (6= 100. If V^-^- = 15 V, 
Vee = ^^,Re = 3-3 kfi, and Rc = 7. 1 k^^, find (a) I^q and {b) Vceq- 




vAr\j 



Fig. 3-23 



{ci) By KVL around the base-emitter loop, 



Vee - Vbeq 4-0.7 

/m = ^ — T = 1 mA 

3.3 X 10' 



Then, by (3.1) and (3.2), 



Ibq - 



^EQ 



1 X 10" 



!+l 100+1 



= 9.9 /nA 



(ft) KVL and (2) of Problem 3.17 yield 



Vceq — Vcc + Vee - ^eq^e - ^cqJ^c — Vcc + Vee - ( ^£ + „ , , J^c Mj 



15 + 4- I 3.3 X 10^+ "'^ 7.1 X 10M(1 x 10"') = 8.67V 
' 100+1 J 



lEQ 



3.24 For the transistor circuit of Fig. 3-23, Q- = 100 /xF, Re = 3.3 kS^, i?c = 8.1 k^2, R^ = 15k^^, 
Fee = 15 V, Vee = 4 V, and = 0.01 sin(20 007T0 V. The transistor can be described by the 
generic npn model. Use SPICE methods to (a) determine the quiescent voltage V^eq and 
(b) plot the input and output currents and voltages. 

(a) The netUst code below describes the circuit. 
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Prb3_24 . CIR - CB amplifier 
VS 1 0 SIN{OV lOmV IkHz) 
CCl 1 2 lOOuF 
RE 2 4 3. 3kohm 

VEE 0 4 4V 
Q 3 0 2 QNPNG 
RC 3 5 8.1k: 
VCC 5 0 15V 
CC2 3 6 lOOuF 
RL 6 0 15kohm 

.MODEL QNPNG NPN{ Is = 10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br = 3 Rb=lohmRc=lohmVa=30VCjc=10pF Cje=15pF) 

.DC VCC 15V 15V IV 

.PRINT DC V(3,2) 

. TRAN lus 1ms 

.PROBE 

.END 



After executing {Prb3_24.CIR>, examine the output file to find Kcjjq = V(3, 2) = 7.47 V. Since 
VcEQ — Vcc/2> the transistor is biased for maximum symmetrical swing. 
(b) Use the Probe feature of PSpice to plot the input and output currents and voltages as displayed by Fig. 
3-24. Notice that this circuit ampUfies the output voltage while the output current is actually less in 
amphtude than the input current. 



10 mV 



-10 mV-^ 

□ V(l) 

3.0 



-3.0 V-L 

□ V(6) 
500 uA-r- 





SEL» ; 

-500 uA-l T 1 

0 s 0.5 ms 1 . 0 ms 

□ I (CCl) 0 I(RL) 
Time 



Fig. 3-24 



3.25 Find the proper collector current bias for maximum symmetrical (or undistorted) swing along the 
ac load Une of a transistor amplifier for which VcEsnt = ^ceo = 0- 

For maximum symmetrical swing, the Q point must be set at the midpoint of the ac load hne. Hence, 
from (3.13), we want 

JCQ — 2 'Cmax — j I <' ^CQ I K^) 
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But for a circuit such as that in Fig. 3-9(a), KVL gives 

^CEQ ^ ^cc — IcQ^ic (2) 

which becomes an equahty if no emitter resistor is present. Substituting (2) into (7), assuming equality, and 
solving for /^g yield the desired result: 



3.26 In the circuit of Fig. 3-8(a), Re = 300 J2, Rc = 500 n, Fee = 15 V, /8 = 100, and the Si transistor 
has /8-independent bias. Size Ri and R2 for maximum symmetrical swing if VcEwt ^ 0. 

For maximum symmetrical swing, the quiescent collector current is 

1 Vcc 15 
= 2 R^^^ = 2(300 + 500) = ^"^^^"^ 

Standard practice is to use a factor of 10 as the margin of inequality for /3 independence in (3.8). Then, 

_ PRe _ (100)(300) 

^^-lo"- 10 -^^^ 



and, from (3.7), 



Vbb «^ Vbeq + /ce(l-l^£) = 0.7 + (9.375 x 10-')(330) = 3.794V 



Equations (3.5) may now be solved simultaneously to obtain 

and i?2=«s^ = 3xlO'-^=11.86kf2 

Vbb 



3.27 In the circuit of Fig. 3-10(fii), the transistor is a Si device. Re = 200f2,i?2 = 10i?i = 10k^2, 
Re = Rc = ^^^,P= 100, and Fee = 15V. Assume that Cc and are very large, that 
^C£sat ^ 0' and that z'e = 0 at cutoiT. Find (a) Icq, (b) Vqeq, (c) the slope of the ac load 
line, (d) the slope of the dc load line, and (e) the peak value of undistorted 

(a) Equations (3.5) and (3.7), give 

, _ Faj-Ta^e 1.364-0.7 . 

~ Rb/(P + 1) + Re- (909/101) + 200 ' ^'^^^"^ 

(Z)) KVL around the collector-emitter circuit, with Icq ^ Ieq, gives 

VcEQ = Vcc - Icq(Re + Rc) = 15 - (3.177 x 10-3)(2.2 x 10^) = 8.01 V 

(d) Slope = — = ' = ^- — . = 0.454 mS 

i?dc -Rc + Re 2.2 X 10' 

(e) From (3.14), the ac load line intersects the Vce axis at 

fc£max= Fc£e + /ce^ac = 8.01 +(3.177 X 10-3)(1 X 10^)= 11.187V 
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Since t^c^max < 2Fc£g, cutofT occurs before saturation and tlius sets Vcem- With the large capacitors 
appearing as ac shorts, 

or, in terms of peak values, 

= ^ = -«.a. - Vca ^ 1 1.187 - 8.01 ^ 
^ Rl Rl 2 X lO^ 



3.28 In the circuit of Fig. 3-8(fl), Rc = 300 fi, Re = 200 fi, i?i = 2kfi, R2 = 15kQ, Vcc = 15 V, and 
jg = 110 for the Si transistor. Assume that Icq ^ Ieq and Vceshi ^ 0. Find the maximum 
symmetrical swing in collector current (a) if an ac base current is injected, and {b) if Vqc is 
changed to 10 V but all else remains the same. 

(a) From (i.5) and (5.7), 

R. = '^^^^p^^=^.nS^^ and K.. = A^15= 1.765V 
17 X 10 17 X 10^ 

T ~r Vbb-Vbeq 1.765-0.7 ... . 

so Icq ~ Ieq - ^^^^^ +l) + R^- 1765/1 1 1 + 200 " ^'^^ 

By KVL around the collector-emitter circuit with Icq ^ Ieq, 

VcEQ = Vcc - Icq(Rc + Re) = 15- (4.93 x 10-')(200 + 300) = 12.535 V 

Since Vceq > Vccl'^ ~ 7.5 V, cutoflF occurs before saturation, and ic can swing ±4.93 mA about Icq 
and remain in the active region. 

{b) ^5a = ^r^^^r f^cc = ^^^^ 10 = 1-1765 V 

^ ' Rx+R2 17 X 10' 

. r ~r ^bb-Vbeq 1.1765 - 0.7 ^ 

so that Icq - Ieq = + = 1765/111 +200 = '-'"^"^^ 

and Vceq = Vcc " ^ceC^c + ^z;) = 10 - (2.206 x 10-')(0.5) = 8.79 V 

Since Vceq > Vccl"^ = 5V, cutolf again occurs before saturation, and ic can swing ±2.206 mA about 
Icq and remain in the active region of operation. Here, the 33.3 percent reduction in power supply 
voltage has resulted in a reduction of over 50 percent in symmetrical collector-current swing. 



3.29 If a Si transistor were removed from the circuit of Fig. 3-8(a) and a Ge transistor of identical /6 
were substituted, would the Q point move in the direction of saturation or of cutoff? 

Since R\,Ri, and Vcc are unchanged, Rb and Vbb would remain unchanged. However, owing to the 
different emitter-to-base forward drops for Si (0.7 V) and Ge (0.3 V) transistors. 



^CQ 



Vbb — Vbeq 



RsI{P+\) + Re 

would be higher for the Ge transistor. Thus, the Q point would move in the direction of saturation. 



3.30 In the circuit of Fig. 3-10(a), Vcc = l2Y,Rc = Rl= ^ kS^, Re = 100 and Q = Q ^ 00. 
The Si transistor has neghgible leakage current, and = 100. If VcEsm = 0 and the transistor 
is to have /S-independent bias (by having Ri\\R2 = PRe/^O), size Ri and R2 for maximvmi sym- 
metrical swing. 

Evaluating R^ and i^j^, we find 

^ac = RlWRc = rxl#+TTW" Rac = Rc + RE = i>< 10' + 100 = 1100S2 
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Thus, according to (i) of Problem 3.25, maximum symmetrical swing requires that 

'^^ " R.C +Xc " 500+ 1100 = ^-^"^ 

and, by (3.6) and (2) of Problem 3.17, 

v.. = (^^^ ^.)^c. + K.., = (^ + ^ 100)7.5 X 10-3 + 0.7 = 1.53 V 
Finally, from {3.5), 



3.31 The Si transistor of Fig. 3-10(a) has Vcesia = Icbo = 0 and f) = 75. is removed from the 
circuit, and Q- 00. Also, i?, = 1 k^^, i?2 = 9 kO., Re = Rl = Rc = 1 kf2, and Fee = 15 V. 
(a) Sketch the dc and ac load Unes for this amplifier on a set of ic-vcE axes, (b) Find the 
maximum undistorted value of i^, and determine whether cutoff or saturation limits swing. 

(a) Ra^= Rc + Re = 1 X + I 10^ =2kQ 

and R^ = Re + RcWRl = 1 X 10^ + ^^^^/^f ^^^^^^j = l-5k^ 

By (3.5), 

9x10^ ^ 1x103 + 9x10^ 



and from (i.7), 

^ ^ (/6 + 1 )( ' «fl - l^gfcj) ^ (75 + 1 )( 1 .667 - 0.7) ^ 

i«B + (,S + l)ij£ 900 + (75 + 1)(1 X 103) • 

By KVL around the collector loop and (2) of Problem 3.17, 

VcEQ = Vcc - (Rc + ^ R^IcQ = 15 - (|l X 103 + 1 X lo3^0.96 X 10-3 = 13.07 V 

The ac load-line intercepts now follow directly from {3.13) and {3.14): 

!cmax =^ + IcQ = ■ '^'"L + 0.96 X 10-3 = 9.67mA 

«ac 1-5 X 10^ 

t'CEmax = VcEQ + IcqR^ = 13.07 + (0.96 X 10-3)(1.5 X 103) = 14.51 V 
The dc load-line intercepts follow from {3.9): 

/^-axis intercept = -^-^ = ^— j = 7.5 mA 

Ric 2 X 10^ 

t;c£-axis intercept = Vcc = 1 5 V 
The required load Unes are sketched in Fig. 3.25. 

{b) Since Icq < ji'cmaxj it is apparent that cutoff limits the undistorted swing of to ±/ce = ±1.92 mA. 
By current division, 

!i = — i, = ^-.^ . (±0.96 mA) = ±0.48 mA 

^ Re + Rl 1 X 103 + 1 X 103 ^ 
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ir, rnA 



, = 9.67-- 



DC load line 
AC load line 



'eg 




= 0.96 



14.51 



Fig. 3-25 

3.32 In the common-collector (CC) or emitter-follower (EF) amplifier of Fig. 3-26(fl), Vcc = 
12 V, i?£ = 1 k^^, i?£ = 3k^^, and Cc — > oo- The Si transistor is biased so that Vceq = 5.7 V 
and has the collector characteristic of Fig. 3-26(b). (a) Construct the dc load hne. (b) Find the 
value of p. (c) Determine the value of Rg. 

(a) The dc load line must intercept the vce axis at Vcc = 12 V. It intercepts the ic axis at 



Vcc . 

Rdc 



Vcc ^ 12 
Re 1 X 10' 



= 12mA 



The intercepts are connected to form the dc load line shown on Fig. 3-26(6). 
(h) IgQ is determined by entering Fig. 3-26(h) at Vceq = 5.7 V and interpolating between curves to find 



'BQ 



50 fiA. Icq is then read as ^ 6.3 mA. Thus, 



^ = ^ = ^:1^.126 
Ibq 50 X 10-'' 



(c) By KVL, 



Vcc 



' BEQ " 



'BQ 



■ Icq Re 



12-0.7- 



'^(6x10-^X1x10^) 
50 X 10-'' 



105.05 kf2 



3.33 The amplifier of Fig. 3-27 vises an Si transistor for which Vbeq = 0.7 V. Assuming that 
the collector-emitter bias does not limit voltage excursion, classify the amplifier according to 
Table 3-4 if (a) Vg = l.OV and Vg = 0.25cos»?V, (h) Vg = l.OV and vs = 0.5cosw?V, 
(c) = 0.5 V and = 0.6cosai?V, (d) = 0.7 V and = 0.5 cos cu^V. 

As long as -H Kg > 0.7 V, the emitter-base junction is forward-biased; thus classification becomes a 
matter of determining the portion of the period of over which the above inequality holds. 

(a) Vs+ Vb> 0.75 V through the complete cycle; thus the transistor is always in the active region, and the 
amplifier is of class A. 

(h) 0.5 <vs+ Vg< 1.5 V; thus the transistor is cut off for a portion of the negative excursion vg. Since 
cutoff occurs during less than 180°, the amplifier is of class AB. 

(c) —0.1 < Vs + Vg < \.W , which gives conduction for less than 180° of the period of vg, for class C 
operation. 

(d) vs+ Vb> 0.7 V over exactly 180° of the period of vg, for class B operation. 




Fig. 3-27 
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Supplementary Problems 

3.34 The leakage currents of a transistor are Icbo ~ 5 mA and Iceo ~ 0-4 mA, and /g — 30 fiA. Determine the 
value of Ans. 211 mA 

3.35 For a BIT, Ic — 5.2 mA, Ig — 50 /l(A, and Icbo ~ 0 5 /liA. {a) Find fi and I^q. (h) What is the percentage 
error in the calculation of p if the leakage current is assumed zero? Ans. (a) 102.96, 5.25 mA; (h) 1 .01 % 

3.36 Collector-to-base leakage current can be modeled by a current source as in Fig. 3-28, with the understanding 
that transistor action relates currents I'c, I'b, and {I'c = al^, and I'c = PI'b)- Prove that 




Fig. 3-28 



3.37 If the transistor of Problem 3.4 were replaced by a new transistor with 1 percent greater a, what would be the 
percentage change in emitter current? Ans. a 96.07% increase 

3.38 In the circuit of Fig. 3-11, Fc£sai = 0.2 V. » = 0.99, /gg = 20/itA, Vcc ^ 15V,andi?c = l5kQ. Whatisthe 
value of Kc£e? Ans. Vceq = Vce^m = 0.2 V 

3.39 In many switching applications, the transistor may be utilized without a heat sink, since ^ 0 in cutoff and 
Pc is small in saturation. Support this statement by calculating the collector power dissipated in (a) Prob- 
lem 3.6 (active-region bias) and (h) Problem 3.38 (saturation-region bias). 

Ans. (a) ISmW; (h) 0.39 mW 

3.40 The collector characteristics of the transistor of Fig. 3-11 are given in Fig. 3-9(h). If 
Ibq = 40/iA, Vcc = 15 V, and Rc = 2.2 kQ, specify the minimum power rating of the transistor to ensure 
there is no danger of thermal damage. Ans. 22.54 mW 

3.41 In the circuit of Fig. 3-13, Vcc = 20 V, Rc = 5kf2, R^ = 4kQ, and Rb = 500 kf2. The Si transistor has 
/cBo = 0 and ^ = 50. Find Icq and Vceq- ^ns. 1.91mA, 2.64V 

3.42 The transistor of Problem 3.41 failed and was replaced with a new transistor with Icbo ~ 0 and fi — 15. Is 
the transistor still biased for active-region operation? 

Ans. Since the calculated Vceq = —6.0 V < 0, the transistor is not in the active region. 

3.43 What value of Rb will result in saturation of the Si transistor of Fig. 3-13 if Vcc ~ 20V, Rc — SkQ, 
Re = 4kQ,p = 50, and Vcesm = 0.2 V? Ans. Rg < 442.56 kn 
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Rp=lkQ 




Rr= 2kQ 



Fig. 3-29 



3.44 The circuit of Fig. 3-29 illustrates a method for biasing a CB transistor using a single dc source. The 



transistor is a Si device {Vg^Q = 0.7 V), 
Ans. (a) 3.36 kS2; (h) 6.06V 



99, and /gg = 30 M A. Find (a) R2, and (h) Vceq- 



3.45 Rework Problem 3.28(i7) with R2 = 5kCi and all else unchanged. 



Ans. ± 13.16mA and /, 



CQ ■- 



16.84 mA 



3.46 Because of a poor solder joint, resistor of Problem 3.28(a) becomes open-circuited. Calculate the 
percentage change in /^-g that will be observed. Ans. + 508.5% 

3.47 The circuit of Problem 3-28(«) has /i-independent bias (R^ > lORs/P). Find the allowable range of p if Icq 
can change at most ±2 percent from its value for /! = 1 10. Ans. 86.4 < P < 149.7 



3.48 For the circuit of Fig. 3-27, vg = 0.25cos£i;?V, Rg = 30 kf^, Vg = 1 V, and Vcc = 12V. The transistor is 
described by the default npn model. If VcEsm — 0 "U^d Icbo = 0^ use SPICE methods to determine the range 
of Ri^ for class A operation. Hint: A sweep of R^ values can determine the particular value of Ri^ for which 



CEQ " 



Vcc/^- (Netlist code available at author website.) Ans. < 7.74kf2 



3.49 If an emitter resistor is added to the circuit of Fig. 3-17, find the value of Rf needed to bias for maximum 



symmetrical swing. Let Vcc = 15 V, 
with IcEO = f'cjssat = 0 and = 80. 



R, 



1.5kS2, andA, 
Ans. 477.4 kf2 



c ■ 



5kQ. Assume the transistor is an Si device 



3.50 In the circuit of Fig. 3-20, the Ge transistor has Iceo = 0 and p — 50. Assume the capacitor is replaced with 
a short circuit. Let Vs = 2 V, Vcc = 12 V, Rc = 4kQ, Rs = 100 kf2, and Rg = 330 kf2. Find the ratios 
(a) /eg//, and (h) Vceq/Vs- Ans. (a) 374.6- (6)0.755 



3.51 In the differential amplifier circuit of Fig. 3-22, the two identical transistors are characterized by the default 
npn model. Let Rg = lOkQ, Re = Rc ^ 6.8kf2, and Vcc = t^EE = 15V. Use SPICE methods to 
determine (a) Vggni and (h) voltages = i,',)2- (Netlist code available from author website.) 



Ans. {a) VgEQt = V(4, 3) = 8.1 



(h) 



: V(4) = V(6) = 8.01 V 



3.52 In the amplifier of Fig. 3-10(a), R, ^ Ika, R2 ^ 9kn, R^ ^ IQOa, R^ = IkQ, Vcc ^ , Cc = 
Ce 00, and p = 100. The Si transistor has negligible leakage current, with VcEsm = ^cbo = 0- Find 
/J<^ so that exhibits maximum symmetrical swing. Ans. 1.89 kQ 

3.53 If in Problem 3.31, R^ is changed to 9kQ and all else remains unchanged, determine the maximum undis- 
torted swing of i^. Ans. ± 1.5 mA 



3.54 In the CC amplifier of Problem 3.32, let ig — lOsincot fiA. Calculate after graphically determining vce- 
Ans. The ac load line and vce are sketched on Fig. 3-26: vce ^ 5.7 — sinco/V; = sinairV 



Characteristics of Field- 
Effect Transistors and 

Triodes 



4.1. INTRODUCTION 

The operation of the field-ejfect transistor (FET) can be explained in terms of only majority-carrier 
(one-polarity) charge flow; the transistor is therefore called unipolar. Two kinds of field-effect devices 
are widely used: the junction field-effect transistor (JFET) and the metal-oxide-semiconductor field-effect 
transistor (MOSFET). 

4.2. JFET CONSTRUCTION AND SYMBOLS 

The physical arrangement of, and symbols for, the two kinds of JFET are shown in Fig. 4-1. 
Conduction is by the passage of charge carriers from source (S) to drcnn (D) through the channel between 
the gate (G) elements. 

The transistor can be an n-channel device (conduction by electrons) or a p-channel device (conduc- 
tion by holes); a discussion of «-channel devices applies equally to /)-channel devices if complementary 
(opposite in sign) voltages and currents are used. Analogies between the JFET and the BJT are shown 
in Table 4-1. Current and voltage symbology for FETs parallels that given in Table 3-1. 

i 

4.3. JFET TERMINAL CHARACTERISTICS 

The JFET is almost universally applied in the common-source (CS) two-port arrangement of Fig. 
4-1, where vqs maintains a reverse bias of the gate-source pn junction. The resulting gate leakage 
current is negligibly small for most analyses (usually less than 1 /xA), allowing the gate to be treated as an 
open circuit. Thus, no input characteristic curves are necessary. 

Typical output or drain characteristics for an «-channel JFET in CS connection with vqs < 0 are 
given in Fig. 4-2(a). For a constant value of v^s, the JFET acts as a linear resistive device (in the ohmic 
region) until the depletion region of the reverse-biased gate-source junction extends the width of the 
channel (a condition called pinchoff). Above pinchoff but below avalanche breakdown, drain current i^ 
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Drain 




(a) «-channel JFET 




(b) p-channel JFET 
Fig. 4-1 



remains nearly constant as v^g is increased. For specification purposes, the shorted-gate parameters 
loss aiid are defined as indicated in Fig. A-2{a); typically, F,,o is between 4 and 5 V. As gate potential 
decreases, the pinchoff voltage, that is, the source-to-drain voltage Vp at which pincholf occurs, also 
decreases, approximately obeying the equation 

Vp=VpQ+VGs {4.1) 



Table 4-1 



JFET 


BJT 


source S 
drain D 
gate G 
drain supply 
gate supply Vca 
drain current 


emitter E 
collector C 
base B 

collector supply Vcc 
base supply Vgg 
collector current /f 
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(a) Drain characteristics (h) Transfer characteristic 

Fig. 4-2 CS ;j-channel JFET 



The drain current shows an approximate square-law dependence on source-to-gate voltage for 
constant values of in the pinchoflf region: 

This accovmts for the unequal vertical spacing of the characteristic curves in Fig. 4-2(a). Figvire 4-2(6) is 
the graph of (4.2), known as the transfer characteristic and utilized in bias determination. The transfer 
characteristic is also determined by the intersections of the drain characteristics with a fixed vertical line, 
vjys = constant. To the extent that the drain characteristics actually are horizontal in the pinchoff 
region, one and the same transfer characteristic will be fovmd for all > V^q. (See Fig. 4-4 for a 
slightly nonideal case.) 



4.4. JFET SPICE MODEL 

The element specification statement for a JFET must explicitly assign a model name that is an 
arbitrary selection of alpha and numeric characters. The general form is 

J • • • «i M2 «3 model name 

Nodes «!, «2> ^nd M3 belong to the drain, gate, and source, respectively. Only the M-channel JFET is 
addressed in this book. Positive voltage and current directions for the device are clarified by Fig. 4-3. 



/G£..) _l 
• " J- 



D 

I /D (/■ • ■) 

+ 

VD (J -) 



VG(J-) 



\lS(J-) 
<S 



Fig. 4-3 
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A .MODEL control statement must appear in the netlist code for a JFET circuit. The control 
statement has the following format: 

.MODEL model name NJF {parameters) 

If the parameter field is left blank, default values are assigned. Nondefault parameters are entered in the 

parameter field using the format parameter name = value. The specific parameters of concern in the 
book are documented by Table 4-2. The SPICE model describes the JFET in the pinchoff region by 

Id = (Vto + VGsf = BetaiVto + vosf 



Table 4-2 



Parameter 


Description 


Major Impact 


Default 


Units 


Vto 


pinchoff voltage 


shorted-gate current 


-2 


V 


Beta 


transcond. coeff. 


shorted-gate current 


0.0001 


A/V^ 


Rd 


drain resistance 


current limit 


0 




Rs 


source resistance 


current limit 


0 


Q 


CGS 


gate-source cap. 


high frequency 


0 


F 


CGD 


gate-drain cap. 


high frequency 


0 


F 



Example 4.1. Use SPICE methods to generate (a) the CS drain characteristics and (b) the transfer characteristic 
for an n-channel JFET that has the parameter values Vto = -4 V, Beta = 0.0005 A/V^, Rd = 1 f2, Rs = 1 S2, and 
CGS = CGD = 2pF. 

(a) Figure 4-4(a) shows a connection method for measurement of both the drain characteristics and the transfer 
characteristic. The following netlist code generates the drain characteristics that have been plotted using the 
Probe feature of PSpice as Fig. 4-4(/i). 



Ex4_la. CIR - JFET drain characteristics 

vGS 1 0 OV 
vDS 2 0 OV 
J 2 1 0 NJFET 

.MODEL NJFET NJF ( Vto = -4V Beta=0 . OOOSApVsq 

+ Rd=lohm Rs=lohm CGS=2pF CGD=2pF ) 

. DC vDS OV 25V 0 . 5V vGS OV -4V 0 . 5V 

.PROBE 

.END 



(b) The netKst code below holds vos constant to calculate the transfer characteristic that has been plotted by use of 
the Probe feature as Fig. 4-4(c). 



Ex4_lb . CIR - JFET transfer characteristic 

vGS 1 0 OV 
vDS 2 0 lOV 
J 2 1 0 NJFET 

.MODEL NJFET NJF ( Vto = -4V Beta=0 . OOOSApVsq 

+ Rd=lohmRs = lohm CGS = 2pF CGD=2pF ) 

.DC vGS OV -4V 0.5V 

.PROBE 

.END 
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8.0 mA-i-- 



vDS = 10 V 



4 . 0 mA 




Fig. 4-4 



4.5. JFET BIAS LINE AND LOAD LINE 

The commonly used voltage-divider bias arrangement of Fig. A-5{a) can be reduced to its equivalent 
in Fig. A-5{b), where the Thevenin parameters are given by 
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With iQ = 0, application of KVL around the gate-source loop of Fig. 4-5(h) yields the equation of the 
transfer bias line, 

which can be solved simultaneously with (4.2) or plotted as indicated on Fig. 4-2{h) to yield Idq and 
F(j5g, two of the necessary three quiescent variables. 

Application of KVL around the drain-source loop of Fig. 4-5(h) leads to the equation of the dc load 

line, 

. _ VpD vps 

Rg + Rj) Rg + R[) 

which, when plotted on the drain characteristics of Fig. 4-2(a), yields the remaining quiescent value, 
Vdsq. Alternatively, with Ij^q already determined, 

^DSQ = ^DD ~ {J^s + Rd)Idq 



Example 4.2. In the amplifier of Fig. 4-5(a), Vod = 20 V, J?, = 1 Mn, = 15.7 Mf2, i^^ = 3 kQ, and = 2kf2. 
If the JFET characteristics are given by Fig. 4-6, find (a) I^q, (h) Vgsq, and (c) VosQ- 

(a) By(¥.i), 

Voa = Vdo = 20 = 1.2V 

°° Rt+R2 16.7x10'' 

On Fig. 4-6(fl), we construct the transfer bias line (4.4); it intersects the transfer characteristic at the Q point, 
giving Idq — 1.5 mA. 
(h) The Q point of Fig. 4-6(fl) also gives Vq-sq = — 2 V. 

(c) We construct the dc load line on the drain characteristics, making use of the d^s intercept of V^d = 20 V and 
the Id intercept of Voo/iRs + Rd) ~ 4mA. The Q point was estabhshed at I^q — 1.5mA in part a and at 
VgsQ = — 2V in part h; its abscissa is V^sq — 12.5V. Analytically, 

Vdsq = ^DD - (Rs + Rd)Idq = 20 - (5 X 103)(1.5 x 10"') = 12.5 V 




Fig. 4-6 
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4.6. GRAPHICAL ANALYSIS FOR THE JFET 

As is done in BJT circuits (Section 3.7), coupling (or blocking) capacitors are introduced to confine 
dc quantities to the JFET and its bias circuitry. Further, bypass capacitors Cs effectively remove the 
gain-reducing source resistor insofar as ac signals are concerned, while allowing Rg to be utilized in 
favorably setting the gate-source bias voltage; consequently, an ac load line is introduced with analysis 
techniques analogous to those of Section 3.7. 

Graphical analysis is favored for large-ac-signal conditions in the JFET, since the square-law rela- 
tionship between vas and Id leads to signal distortion. 

Example 4.3. For the amplifier of Example 4.2, let V/ — sin t(ci} — 1 rad/s) and Cs —)■ oo. Graphically determine 
and 

Since Cs appears as a short to ac signals, an ac load fine must be added to Fig. 4-6{h), passing through the Q 
point and intersecting the v^s axis at 

KMe + /z,e«.c= 12.5 + (1.5)(3)= 17 V 

We next construct an auxihary time axis through Q, perpendicular to the ac load line, for the purpose of showing, on 
additional auxiliary axes as constructed in Fig. 4-6(h), the excursions of and vj, as u^, = swings ±1 V along the 
ac load line. Note the distortion in both signals, introduced by the square-law behavior of the JFET characteristics. 



4.7. MOSFET CONSTRUCTION AND SYMBOLS 

The «-channel MOSFET (Fig. 4-7) has only a single p region (called the substrate), one side of which 
acts as a conducting channel. A metallic gate is separated from the conducting channel by an insulating 
metal oxide (visually Si02), whence the name insulated-gate FET (IGFET) for the device. The /(-channel 
MOSFET, formed by interchanging p and n semiconductor materials, is described by complementary 
voltages and currents. 




B 



Source 
(S) 

(«) (b) 
Fig. 4-7 



4.8. MOSFET TERMINAL CHARACTERISTICS 

In an n-channel MOSFET, the gate (positive plate), metal oxide film (dielectric), and substrate 
(negative plate) form a capacitor, the electric field of which controls channel resistance. When the 
positive potential of the gate reaches a threshold voltage Vj (typically 2 to 4 V), sufficient free electrons 
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are attracted to the region immediately beside tlie metal oxide film (this is called enhancement-mode 
operation) to indvice a conducting channel of low resistivity. If the source-to-drain voltage is increased, 
the enhanced channel is depleted of free charge carriers in the area near the drain, and pinchoff occurs as 
in the JFET. Typical drain and transfer characteristics are displayed in Fig. 4-8, where Kj- = 4 V is used 
for illustration. Commonly, the manufacturer specifies Vj and a value of pinchoff current //jon^ the 
corresponding value of source-to-gate voltage is Vqsoxl- 




(a) (*) 
Fig. 4-8 



The enhancement-mode MOSFET, operating in the pinchoff region, is described by (4.1) and (4.2) if 
and /£,55 are replaced with —Vj- and I^on^ respectively, and if the substrate is shorted to the source, 
as in Fig. 4-9(a). Then 

where v^s > ^t- 

Although the enhancement-mode MOSFET is the more popular (it is widely used in digital switch- 
ing circuits), a depletion-mode MOSFET, characterized by a lightly doped channel between heavily 
doped source and drain electrode areas, is commercially available that can be operated like the JFET 
(see Problem 4.22). However, that device displays a gate-source input impedance several orders of 
magnitude smaller than that of the JFET. 



4.9. MOSFET SPICE MODEL 

The element specification statement for a MOSFET must explicitly assign a model name (an arbi- 
trary selection of alpha and numeric characters) having the general form 

M • • • «i H2 «3 «4 model name 

Nodes «i,«2>«35 and «4 belong to the drain, gate, source, and substrate, respectively. Only the n- 
channel MOSFET is addressed where the device positive voltage and cvirrent directions are clarified by 
Fig. 4-10. 
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Format of the .MODEL control statement that must appear in the nethst code for a MOSFET 
circuit is as follows: 

.MODEL model name NMOS (parameters) 

A blank parameter field results in assignment of default parameter values. Nondefault parameters are 
entered in the parameter field as parameter name = value. The specific parameters of concern in this 
book are documented by Table 4-3. The SPICE model characterizes the enhancement mode MOSFET 
in the pinchoff region by 

= («cs -Vt) ('"GS - Vt) 
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Table 4-3 



Parameter 


Description 


Default 


Units 


Vto 


Thresliold voltage 


0 


V 


Kp 


Transcond. coeff. 


2 X 10"' 


A/V- 


Rd 


Drain resistance 


0 


Q 


Rg 


Gate resistance 


0 


Q 



Example 4.4. Use SPICE methods to generate {a) the CS drain characteristics and (h) the transfer characteristic 
for an ;;-channel MOSFET that has the parameter values Vto = 4 V. Kp = 0.0008 A/V^, Rd = 1 S^, and Rg = 1 kQ. 

(a) Figure 4-1 1 (a) shows the chosen connection method for measurement of both the drain characteristics and the 
transfer characteristic. The netlist code below generates the drain characteristic that has been plotted using the 
Probe feature of PSpice as Fig. 4-11 (A). 

@l 





Fig. 4-11 
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Ex4_4a. CIR - MOSFET drain characteristics 
vGS 1 0 OV 
vDS 2 0 OV 

M 2 1 0 0 NMOSG 

.MODEL NMOSG NMOS (Vto = 4V Kp = 0 . OOOSApVsq 

+ Rd=lohm Rg=lkohm) 

.DC vDS OV 25V 0 . 5V vGS OV 8V IV 

.PROBE 

.END 



(b) The following netKst code maintains Vps constant to determine the transfer characteristic that is plotted by use 
of Probe as Fig. 4-1 1(c). 



Ex4_4b .CIR - MOSFET transfer characteristic 

vGS 1 0 OV 

vDS 2 0 15V 

M 2 1 0 0 NMOSG 

. MODEL NMOSG NMOS ( Vto=4V Kp=0 . OOOSApVsq 

+ Rd=lohm Rg=lkohm) 

.DC vGS OV 8V 0. IV 

.PROBE 

.END 



4.10. MOSFET BIAS AND LOAD LINES 

Although the transfer characteristic of the MOSFET differs from that of the JFET [compare Fig. 4- 
2(b)] with Figs. 4-S(b) and 4-27], simultaneous solution with the transfer bias line (4.4) allows determina- 
tion of the gate-source bias F^^g. Further, graphical procedures in which dc and ac load hnes are 
constructed on drain characteristics can be utilized with both enhancement-mode and depletion-mode 
MOSFETS. 

The voltage-divider bias arrangement (Fig. 4-5) is readily applicable to the enhancement-mode 
MOSFET; however, since Vqsq and V^sq are of the same polarity, drain-feedback bias, illustrated in 
Fig. 4-9(a), can be utilized to compensate partially for variations in MOSFET characteristics. 

Example 4.5. In the amplifier of Fig. 4-9(a), V^d = = 3ka, and Rjr = 50 MU. If the MOSFET drain 

characteristics are given by Fig. 4-9(b), determine the values of the quiescent quantities. 

The dc load hne is constructed on Fig. 4-9(b) with vjyg intercept of Vod = 15Y and ij) intercept of 
^dd/J^l = 5niA. With gate current negligible (see Section 4.3), no vohage appears across Rf, and so 

^GS = ^DS- The drain-feedback bias line of Fig. 4-9(b) is the locus of all points for which Vqs = Vds- Since 
the Q point must lie on both the dc load line and the drain-feedback bias line, their intersection is the Q point. From 
Fig. 4-9(b), loQ « 2.65 mA and F^e = Vgsq « 6.90 V. 

Example 4.6. The drain-feedback biased amplifier of Fig. 4-9(a) has the circuit element values of Example 4.5 
except that the MOSFET is characterized by the parameter values of Example 4.4. Apply SPICE methods to 
determine the quiescent values. 

The nethst code below describes the circuit. 
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Ex4_6 . CIR - Drain-feedback bias 
vi 1 0 OV ; Value inconsequential 
CC 12 lOOuF; Value inconsequential 

RF 2 3 50MEGohm 
RL 3 4 3kohm 
VDD 4 0 15V 
M 3 2 0 0 NMOSG 

.MODEL NMOSG NMOS (Vto = 4V Kp=0 . OOOSApVsq 

+ Rd=lohin Rg=lkohm) 

.DC VDD 15V 15V IV 

.PRINT DC ID(M) V{2) V(3) 

.PROBE 



.END 



Execute (Ex4_6.CIR> and poll the output file to find /^g = ID(M) = 2.79 mA, Kosg = V(3) = 
Kcse = V(2) = 6.64 V. 



4.11. TRIODE CONSTRUCTION AND SYMBOLS 

A vacuum tube is an evacuated enclosure containing (1) a cathode that emits electrons, with a heater 
used to elevate the cathode temperature to a level at which thermionic emission occurs; (2) an anode or 
plate that attracts the emitted electrons when operated at a positive potential relative to the cathode; and 
usually (3) one or more intermediate electrodes (called grids) that modify the emission-attraction process. 
Analogovis to FETS, the voltage apphed to the grids controls current flowing into the plate lead. 

The single grid of the vacuum triode is called the control grid; it is made of small-diameter wire and 
inserted between the plate and cathode as suggested in Fig. 4-12(a). The mesh of the grid is sufficiently 
coarse so as not to impede current flow from plate to cathode through collision of electrons with the grid 
wire; moreover, the grid is placed physically close to the cathode so that its electric field can exert 
considerable control over electron emission from the cathode surface. The symbols for the total 
instantaneous currents and voltages of the triode are shown in Fig. A-\2{b); component, average, rms, 
and maximum values are symbohzed as in Table 3-1. 



4.12. TRIODE TERMINAL CHARACTERISTICS AND BIAS 

The voltage-current characteristics of the triode are experimentally determined with the cathode 
sharing a common connection with the input and output ports. If plate voltage vp and grid voltage vq 




Fig. 4-12 
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are taken as independent variables, and grid current as the dependent variable, then the input char- 
acteristics (or grid characteristics) have the form 



h =.flivp,VG) 



(4.7) 



of which Fig. 4-13(fl) is a typical experimentally determined plot. Similarly, with Vp and Vq as inde- 
pendent variables, the plate current ip becomes the dependent variable of the output characteristics (or 
plate characteristics) 



ip =f2(vp, Vg) 
of which a typical plot is displayed in Fig. 4-[3{b). 



(4.8) 




ip, mA 




(a) Grid characteristics 



(6) Plate characteristics 



Fig. 4-13 



The triode input characteristics of Fig. 4-I3(i7) show that operation with a positive grid voltage 
results in flow of grid current; however, with a negative grid voltage (the common application), negligible 
grid current flows and the plate characteristics are reasonably approximated by a three-halves-power 
relationship involving a linear combination of plate and grid voltages: 

ip = K(vp + ijivcfl^ (4.9) 

where k denotes the perveance (a constant that depends upon the mechanical design of the tube) and fi is 
the amplification factor, a constant whose significance is elucidated in Chapter 7 when small-signal 
amplification of the triode is addressed. 

To establish a range of triode operation favorable to the signal to be amplified, a quiescent point 
must be determined by dc bias circuitry. The basic triode amplifier of Fig. 4-14 has a grid power supply 
Vqq of such polarity as to maintain vq negative (the more common mode of operation). With no input 
signal (vg = 0), application of KVL around the grid loop of Fig. 4-14 yields the equation of the grid bias 
line, 

io = -'^-f (4.10) 

which can be solved simultaneously with (4.7) or plotted as indicated on Fig. 4-l3(a) to determine the 
quiescent values Iqq and Vqq. If Vqg is of the polarity indicated in Fig. 4-14, the grid is negatively 
biased, giving the Q point labeled Q„. At that point, Iqq ~ 0 and Vqq ~ — Vqq; these approximate 
solutions suffice in the case of negative grid bias. However, if the polarity of Vqq were reversed, the grid 
would have a positive bias, and the quiescent point Qp would give Iqq > 0 and Vqq < Vqq. 
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Fig. 4-14 Basic triode amplifier 



Voltage summation around the plate circuit of Fig. 4-14 leads to the equation of the dc load line 



Rl 



(4.11) 



which, when plotted on the plate characteristics of Fig. 4-[3{h), yields the quiescent values VpQ and IpQ 
at its intersection with the curve vq = Vqq. 



Example 4.7. In the triode amplifier of Fig. 4-14, Vao = 4V, Vpp = 300 V, = 10kS2, and Rq = IkQ.. The 
plate characteristics for the triode are given by Fig. 4-13(6). (a) Draw the dc load line; then determine the quiescent 
values (ft) Icq, (f) Vqq, (d) IpQ, and (e) VpQ. 

(a) For the given values, the dc load line {4.11) has the ip intercept 

Vpp 300 



pp 
R, 



10 X 10^ 



30 mA 



and the vp intercept Vpp = 300 V. These intercepts have been utilized to draw the dc load line on the plate 
characteristics of Fig. 4-13(ft). 

(h) Since the polarity of Vqq is such that vq is negative, negligible grid current will flow (Iqq ^ 0). 

(c) For negligible grid current, (4.10) evaluated at the Q point yields Vqq — — Vq, 



-4V. 



(d) The quiescent plate current is read as the projection of Q„ onto the ip axis of Fig. 4-l3(b) and is IpQ ■ 

(e) Projection of Q„ onto the Vp axis of Fig. 4-13(/j) gives VpQ — 220 V. 



iniA. 



Solved Problems 



4.1 If Cs = 0 and all else is unchanged in Example 4.2, find the extremes between which vg swings. 

Voltage Dgj will swing along the dc load line of Fig 4-6(h) (which is now identical to the ac load line) 
from point a to point h, giving, as extremes of ip, 3.1mA and 0.4mA. The corresponding extremes of 
= 'dKs are 6.2 V and 0.8 V. 



4.2 For the MOSFET amplifier of Example 4.5, let Vq^q = 6.90 V. Calculate //,g from the analog of 
(4.2) developed in Section 4.8. 

From the drain characteristics of Fig. 4-9(h), we see that Kj- = 4V and that Ipic„ — 5mA at 
1^0501 = 8 V. Thus, 
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Idq = /nnni 1 - -^i^^ = 5 X - 2.63mA 



4 



(Compare Example 4.5.) 



4.3 By a method called self-bias, the 2 point of a JFET amplifier may be established using only a 

single resistor from gate to ground [Fig. 4-5(ft) with = 0]. If R^, = 'ikQ,, R^; = I'kQ., 
Rg = 5 MQ, and Vbd = 20 V in Fig. 4-5{b}, and the JFET characteristics are given by Fig. 4-6, 
find (a) I^q, (b) Vgsq, and (c) Vdsq. 

(a) On Fig. 4-6(a) we construct a transfer bias line having a VQg intercept of Vqq = 0 and a slope of 
— 1/Rs = -0.5mS; the ordinate of its intersection with the transfer characteristic is Idq = 1.15mA. 

(b) The abscissa of the Q point of Fig. 4-6(a) is Vqsq = —2.3 V. 

(e) The dc load line from Example 4.2, already constructed on Fig. 4-6(h), is applicable here. The Q point 
was estabhshed at log = 1.15mA in (a); the corresponding abscissa is V^sq ^ 14.2V. 

4.4 Work Problem 4.3, except with the JFET described by the parameter values of Example 4. 1, using 
SPICE methods to illustrate the ease with which quiescent values for a JFET circuit can be 
determined. 

The nethst code below describes the circuit of Fig. 4-5(6) with Vgg = 0. 



Prb4_4 . CIR - Self -bias 

RG 10 SMEGohm ; VGG not used 

RS 2 0 2kohm 
RD 3 4 3kohm 
VDD 4 0 20V 
J 3 1 2 NJFET 

.MODEL NJFET NJF ( Vto=-4V Beta=0 . OOOSApVsq 

+ Rd=lohm Rs = lohm CGS=2pF CGD=2pF) 

.DC VDD 20V 20V IV 

. PRINT DC ID (J) V(l,2) V(3,2) 

.END 



Execute <Prb4_4.CIR> and examine the output file to find (a) /^g = ID(/) = 1.22 mA, 
(b) Vgsq = V(l, 2) = -2.44 V, and (c) Vosq = V(3, 2) = 13.9 V. 

4.5 Replace the JFET of Fig. 4-5 with an «-channel enhancement-mode MOSFET characterized by 
Fig. 4-8. Let = 16 V, V^sq = 8 V, Vdsq = 12 V, Idq = 1 mA, R^ = 5 Mfi, and J?2 = 3 Mfi. 
Find (a) Fee, {h) Rg, and (c) Rd- 

(a) By (4.3), Vgg = Vdd/(Ri + i^z) = 10 V. 

(b) Application of KVL around the smaller gate-source loop of Fig. 4-5(b) with ig = 0 leads to 

^ Idq 1 X 10-3 

(c) Using KVL around the drain-source loop of Fig. 4-5(h) and solving for Rj, yield 

„ VpD - VpsQ - IdqUs 16 - 12 - (1 X 10-3)(2 x 10^) 

Kj) = = —J = IkU 

Idq 1 x 10 



4.6 The JFET amplifier of Fig. 4-15 shows a means of self-bias that allows extremely high input 
impedance even if low values of gate-source bias voltage are required. Find the Thevenin 
equivalent voltage and resistance for the network to the left of a, b. 
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/ V 



a G 



I — wv 



Fig. 4-15 



With a. h open there is no voltage drop across A3, and the voltage at the open-circuited terminals is 
determined by the R1-R2 voltage divider: 



R^ 



Vn 



With Vj)[, deactivated (shorted), the resistance to the left of a, h is 

It is apparent that if R^ is made large, then Rq — Zj^ is large regardless of the values of R^ and R2. 



4.7 The manufacturer's specification sheet for a certain kind of «-channel JFET has nominal and 
worst-case shorted-gate parameters as follows: 



Value 


Idss^ mA 


V^, V 


maximum 


7 


4.2 


nominal 


6 


3.6 


minimum 


5 


3.0 



Sketch the nominal and worst-case transfer characteristics that can be expected from a large 
sample of the device. 

Values can be calculated for the nominal, maximum, and minimum transfer characteristics using {4.2) 
over the range — K^o — ^as — 0- The results are plotted in Fig. 4-16. 



4.8 A self-biased JFET amphfier (Fig. 4-15) is to be designed with Vjjsq = 15 V and F^,/, = 24 V, 
using a device as described in Problem 4.7. For the control of gain variation, the quiescent drain 
current must satisfy /^g = 2 ± 0.4 mA regardless of the particular parameters of the JFET 
utilized. Determine appropriate values oi Rg and Rj). 

Quiescent points are first estabhshed on the transfer characteristics of Fig. 4-16: 2max "it Idq ~ 2.4 mA, 
2nom St Idq ~ 2.0 mA, and 2min "^t ^dq ~ 1.6 mA. A transfer bias line is then constructed to pass through 
the origin (i.e., we choose Vqq — 0) and 2nom- Since its slope is — I/A5, the source resistor value may be 
determined as 
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(4 - 0) X 10-3 

The drain resistor value is found by applying KVL around the drain-source loop and solving for Rjj: 
Vdd - Vdsq - IdqRs _ 24 - 15 - (0.002)(750) 



'DQ 



0.002 



-= 3.75kQ 



When Rg and R[, have these values, the condition on /^g is satisfied. 
4.9 An ^-channel JFET has worst-case shorted-gate parameters given by the manufacturer as follows: 



Value 






maximum 
minimum 


8 
4 


6 
3 



If the JFET is used in the circuit of Fig. 4-5(ft), where i?^ = 0, i?^ = \ MQ., = l.lkQ., 
Vgg = — 1 V, and V[,[, = 15 V, use SPICE methods to find the maximum and minimum values 
of /x)g and the maximum and minimum values of V^^q that could be expected. Model the JFET 
by default parameters except for Vto and Beta. 

The netlist code below describes the circuit. 



Prb4_9.CIR - Worst-case study 

.PARAM Vpo = -3V, Ion=8mA 

RG 1 5 IMEGohm 

VGG 5 0 -IV 

RD 3 4 2. 2kohin 

VDD 4 0 15V 

J 3 1 0 NJFET ; RS not used 

.MODEL N JFET NJF ( Vto = {Vpo} Bet a= { I on/Vpo ■ 2 } ) 
.DC PARAM Vpo -3V -6V 3V PARAM Ion 4mA 8mA 4mA 
.PRINT DC ID( J) V(3) 
.END 
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Execute (Prb4_9.CIR) and examine the output tile to find the two pairs of values 



: 1.78 mA, 
: 5.15mA, 



DSQmux ' 
DSQ mm ' 



: 11.09V 

3.66V 



4.10 Gate current is negligible for the /)-channel JFET of Fig. 4-17. If Vjjjj = —20 V, I^ss 
loQ = -8 mA, Vpo = -4 V, Rs = 0, and Rd = 1.5 k^2, find (a) Vgg and (b) Vdsq- 



-10 mA, 




Fig. 4-17 

(a) Solving (4.2) for Vgg and substituting Q-point conditions yield 

1/2 



I \ 1/2 



= -4 



-10 



= 0.422 V 



With negligible gate current, KVL requires that Vqq — VasQ ~ 0.422 V. 
(h) Applying KVL around the drain-source loop gives 



Vdsq = V. 



DD ~ ^DQ 



IdqRd = (-20) - (-8 X 10"')(1.5 X lO') = -8 V 



4.11 The H-channel enhancement-mode MOSFET of Fig. 4-18 is characterized by Fj- = 4V and 
/^on = 10mA. Assume negligible gate current, i?, = 50 kQ, Ro = 0.4 Rg = 0, Ro = 2kS2, 
and VoD= 15V. Find (a) V^sq, (h) //jg, and (c) Vosq- 

(a) With negligible gate current, (4.3) leads to 

Vgso = Vgg = — ^dd = 50jii*' j5 ^ j g^V 

GSQ GG Ji^j^ji^ DD 50x103+0.4x10'' 

(/') By (4.61 



'DQ — 'Don 



: 3.39 mA 



(c) By KVL around the drain-source loop, 

Vdsq = ^^dd - IdqRd = 15 - (3.39 x \Q-')(2 x lO^') = 8.22V 
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Fig. 4-18 



4.12 For the n-channel enhancement-mode MOSFET of Fig. 4-18, gate current is negligible, 
/Bon=10mA, and Fr = 4V. If = 0, i?i = 50kS^, F^a = 15 V, Fgsg = 3 V, and 

Vj)sQ = 9 V, determine the values of (a) Ri and (b) Rjy. 

(a) Since = 0, Vq^q = Vq(^ of (4.3). Solving for gives 

^2 = R\\^j^ - 1 ) = 50 X lO'l'-*:^- 1 ) = 200 kf^ 

{h) ^y(4.6). 



'DQ — 'Don 



VasQ I \ 3 



Vgsq\ _ ^ 1 _ 3\ 0.625 mA 



Then KVL around the drain-source loop requires that 

„ VpD - VpsQ 15-9 

Rn = ~ T ~ 9.6 kQ 

" Idq 0.625 X 10-^ 



4.13 A /j-channel MOSFET operating in the enhancement mode is characterized by = — 3 V and 

GSg = -4.5V. Find (a) Vgsq if /z,e = -16mA and (b) Idq if 



'DQ - 

Vgsq 



-8 niA when V, 
-5 V. 



{a) Using the given data in {4.6) leads to 



'DQ 



-8 X IQ- 



{^-VgsqIVt)' (1-(-4.5)-3)^ 
Rearrangement of (4.6) now allows solution for Vq^q: 



= -32 mA 



Vgsq — Vj 



I \ 1/2 
'DQ 



= (-3) 



= -0.88 V 



(h) By (^.(5), 



Idq — I Don 



= -14.22 mA 
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4.14 The «-channel JFET circuit of Fig. 4-19 employs one of several methods of self-bias, (a) Assume 
negligible gate leakage current (ig ~ 0), and show that if V^d > 0, then Vq^q < 0, and hence the 
device is properly biased, (h) If Rd = 3kf2, = 1 k^^, = 15 V, and V^sq = 7V, find Ijjq 
and VasQ- 




Fig. 4-19 



(a) By KVL, 



^DD ~ ^DSQ 



Rs + Ro 

Now Vqsq < Vdd, so it is apparent that Iqq > 0. Since iq ^ 0, KVL around the gate-source loop gives 

Vgsq = -IdqRs < 0 (2) 

(h) By (7), 

15-7 ^ ^ 

Jnn = 5 T ~ 2 mA 

and (2), 

VasQ = -(2 X 10"^)(1 X lO^') = -2V 



4.15 The ^-channel JFET of Fig. 4-20 is characterized by 1^^^ = 5 mA and F„o = 3 V 



= 3kn, Rs = 
(h) if Va = 10 V. 



; kfi, FflB = 15 V, and Vgs = V. Find Vosq and Fq (a) if 



Let 
0 and 



r >'DD 








+ 




Fig. 4-20 
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{a) Applying KVL around the gate-source loop yields 

Va = VasQ + Rshq + Vss (1) 
Solving {1} for /^g and equating the result to the right side of (4.2) gives 



Rearranging (2) leads to the following quadratic in Vgsq 



(2) 



VlsQ + ^z'" + ^'dssRs ^^^^ ^ ^^^^^^^ _ ^ ^^^^ ^ Q 



Substituting known values into (3) and solving for Vq^q with the quadratic formula lead to 

,/2 , 3 + (2)(5x 10-^)(8x 10-^) ,^ (3)' ,„_3,,„ ,„3, „ „ 

Vc^n + 3 5 ^ Van H ^ t- \(5 x 10 )(8 x 10 ) — 0 — 81 = 0 

(5 X 10-3)(8 X 10^) (5 X 10-3)(8 x 10^^) ly i i 

so that V^;sQ + 6.225 Kcs^ + 7.2 = 0 

and VasQ ~ —4.69V or —1.53V. Since Kgsg ~ —4.69V < —Vpo, this value must be considered 



extraneous as it will result in i'd — 0. Hence, VasQ ~ —1.53 V. Now, from (4.2), 
Ina = Ioss[l + '^)'- 5 X 10-^(l +=^53^^ i ^mA 



and, by KVL, 



V(.) = IdqRs + Vss = (1.2 X 10"')(8 x lO') + (-8) = 1.6 V 



(h) Substitution of known values into (3) leads to 

^se + 6.225^052 ■ 

which, after elimination of the extraneous root, results in Vq^q ~ —0.936 V. Then, as in part a, 
loa = /..s(l 5 X 10-^(l 2.37mA 

and Vo = I^gRs + Vss = (2-37 x 10"')(8 x 10^) + (-8) = 10.96V 



4.16 Find the equivalent of the two identical n-channel JFETs connected in parallel in Fig. 4-21. 




Fig. 4-21 
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Assume the devices are described by (4.2); then 

Because the two devices are identical and connected in parallel, the equivalent JFET has the same pinchoff 
voltage as the individual devices. However, it has a value of shorted-gate current I^gs equal to twice that of 
the individual devices. 



4.17 The differential amplifier of Fig. 4-22 includes identical JFETs with I^gg = 10 mA and VpQ = 4 V. 
Let Vdd = 15 V, F55 = 5 V, and Rg = 3kn. If the JFETs are described by (4.2), find the value 
of Rf) required to bias the amplifier such that Vj^^Qi = ^dsqi = 7 V. 




Fig. 4-22 

By symmetry, /ogi — Idqi- KCL at the source node requires that 

IsQ ~ Idq\ + Idq2 ~ ^^DQl 
With — 0, KVL around the left gate-source loop gives 



asQ\ 



V 



ss ~ IsqR-s 



Solving (4.2) for Vaso equating the result to the right side of (2) gives 



loss 



1/2 



Rearranging (3) results in a quadratic in Idq: 



'DQ\ 



'ss -t- »'/,0 



2R. 



Kss + V, 
2R, 



Substituting known values into (4) yields 



iIqi - 3.04 X 10"^/ogi + 2.25 x 10"'' = 0 



(1) 



(2) 



(3) 



Applying the quadratic formula to (5) and disregarding the extraneous root yields I^q^ = 1.27 mA. 
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Now the use of KVL around the left drain-source loop gives 

^DD + ^SS ~ ^DSQl ~ ^DQ\J^D + ^SQ^^S (.^ 

Substituting {]) into (6) and solving the result for leads to the desired result: 

^ ^ + yss - ypsQi - 2IdqiRs ^ 15 + 5 - ? - 2(1.27 x 10-^)(3 X 10^) ^ ^ ^ 
" Idqi 1.27 X 10-3 



4.18 For the series-connected identical JFETs of Fig. 4-23, = iimA and Fpo = 4V 



If 



VnD = 15 V, Ro = 5kQ, Rs = 2k^2, and Rg = 1 M^2, find (a) Vosqu (h) Idqu (c) Vgsqu 
id) Vgsqi, and (e) V^sqi- 



4f 



Fig. 4-23 



{a) By KVL, 



osgi 



But, since I^qi = Ioqi^ {4-2) leads to 



Idss\ 1 + 



GSQl 



ISQl 

~ loss 
V, 



' GSQl 



V, 



'GSQl — ^ GSQl (2) 

Substitution of (2) into (]) yields VosQi ~ 0- 
(h) With negligible gate current, KVL applied around the lower gate-source loop requires that 
Vgsqi = —Idqi^s- Substituting into {4.2) and rearranging now give a quadratic in Ioqi'- 



^DQl 



= 0 



(3) 



Substitution of known values gives 



'DQl 



4.5 X IO'^Idqi + 4 X lO-** = 0 



from which we obtain /ogi — 3.28mA and 1.22mA. The value Idqi ~ 3.28 mA would result in 



'GSQl 



< ~ ^pQ^ SO that value is extraneous. Hence, I^oi ~ 

1.22 mA 



DQl 



(C) 



GSQl 



= -'dqiRs = -(1-22 X 10-')(2 X 10') = -2.44V 
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(d) From (/) with VosQi = 0, we have Vqsqi = ^gsqi = —2.44 V. 

(e) By KVL, 



DSQ2 — ' DD~ ' DSQ\ ~ 'DQ 



^DQ\(J^s + i?o) = 15 - 0 - (1.22 X 10"')(2 X lO' + 5 X lO') = 6.46V 



4.19 Identical JFETs characterized by ig = 0, Ijyss = 10 mA, and Vj,q = 4 V are connected as shown in 
Fig. 4-24. Let = I k^, Rs = 2kQ, and Faa=15V, and find (a) Vgsqu (h) Idqi, 
(c) VasQi, (d) FBsg|,and (e) Vdsqi- 




Fig. 4-24 



(a) With negligible gate current, (4.2) gives 



'G2 — 'DQl 



0 = /„.s-? 1 + 



' GSQl 
1>" 



Vpo = -4V 



(h) With negligible gate current, KVL applied around the lower left-hand loop yields 



'GSQ2 — —^GSQl — IdQiRs 

Substituting (I) into (4.2) and rearranging give 
2r 



1 

Jdss 



+ 2 1 



GSQ\ \ Rs 



Idqi + 



= 0 



which becomes, with known values substituted, 

f2 



4x 10"^/og2+ 1-6 X 10"^ = 0 



The quadratic formula may be used to find the relevant root Ij)Q2 = 2.92 mA. 
(c) With negligible gate current, KVL leads to 



' GSQ2 ■ 



-y, 



Idq2Rs = -(-4) - (2.92 X 10"')(2 x lO') = -1.84V 



GSQ\ ~ 'DQ2^S 



(d) By KVL, 



^DSQl — ^DD ~ (IdQ\ + IdQ2)Rd ~ I DQ2Rs ~ 1^0522 

= 15-(0-|-2.92x 10"')(1 X 10')- (2.92 X 10"')(2 x 10^) - (-1.84) = 8.08 V 
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(e) By KVL, 



= 15 - (0 + 2.92 X 10"')(1 X 10^) - (2.92 x 10-^)(2 x lO') = 6.24V 



4.20 Fixed bias can also be utilized for the enhancement-mode MOSFET, as is illustrated by the 
circuit of Fig. 4-25. The MOSFET is described by the drain characteristic of Fig. 4-9. Let 
= 60 kS^, i?2 = 40 kO., Rd = ^ kQ, i?^ = 1 k£^, = 15 V, and Q- oo. (a) Find Vqsq- 
(h) Graphically determine Vd^q and Idq. 




Fig. 4-25 



(a) Assume iq = 0. Then, by (4.3), 



Vn,o = Vnr: = \. V nn = 15 = 6V 

■2 " 



GSQ GG j^^^j^^ ' DD ^ + 60 X 10-^ 



(h) The do load line is constructed on Fig. 4-9 with i;^^ intercept = 15 V and intercept 
Vdo/Rl = 5 mA. The g-point quantities can be read directly from projections back to the and 
vos axes; they are V^sq ^ 11.3V and I^q ^ 1.4 mA. 



4.21 For the enhancement-mode MOSFET amphfier of Problem 4.20, let u,- = sin tot and graphically 
determine Vg. 

We have, first, 

^^^^^^||^^^(3xlO;)(lxlO-V 
^ 3 X 10^ + 1 X 103 

An ac load line must be added to Fig. 4-9; it passes through the Q point and intersects the v^s axis at 

^DSQ + iDaR-^c = 11.3 + (1.4 X 10-3)(0.75 X 10^) = 12.35V 

Now we construct an auxiliary time axis through the Q point and perpendicular to the ac load line; on it, we 
construct the waveform Vg, = n,- as it swings ±1 V along the ac load line about the Q point. An additional 
auxiliary time axis is constructed perpendicular to the vj)s axis, to display the output voltage u„ = vj, as u^, 
swings along the ac load line. 



4.22 If, instead of depending on the enhanced channel (see Fig. 4-7) for condviction, the region 
between the two heavily doped n'^ regions of the MOSFET is made up of Hghtly doped n 
material, a depletion-enhancement-mode MOSFET can be formed with drain characteristics as 
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Fig. 4-26 



displayed by Fig. 4-26, where vq^ may be either positive or negative. Construct a transfer 
characteristic for the drain characteristics of Fig. 4-26, and clearly label the regions of deple- 
tion-mode and enhancement-mode operation. 

If a constant value of f^s — Vason = 4V is taken as indicated by the broken line on Fig. 4-26, the 
transfer characteristic of Fig. 4-27 results. V(;g = 0 is the dividing line between depletion- and enhancement- 
mode operation. 



in, mA 




Fig. 4-27 



4.23 A common-gate JFET amplifier is shown in Fig. 4-28. The JFET obeys (4.2). If lo 



10 mA, 



:4 V, Vn 



15 V, Ri = R2 



(b) Idq, and (c) V^gQ. Assume ig 
(a) By KVL, 



10kS2, Ro 
0. 



500 and Rs = 2k.Q,, determine {a) Vq^q, 



VasQ — 



R7 



^DD ~ IdqRs 



(1) 
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Fig. 4-28 

Solving (1) for I^q and equating the result to the right side of (4.2) yield 



R1 + R2 



^DD ~ ^ GSQ 



R, 



■Idss{ 1 + 



GSQ 



V. 



Rearranging leads to a quadratic in 



GSQ, 



vlsQ + ( 2 + ) Vgsq + y'po 

JdssJ<s 



pO 



R,Vn 



(Ri + R2)!dssRs 



= 0 



or, with known values substituted, 



(^^se + 8.8 Fcse + 10 = 0 



(2) 



(3) 



(4) 



Solving for Vq^q and disregarding the extraneous root Vq^q ~ —7.46 < — K„o, we determine that 



' GSQ 

l^cse^ -1.34 V. 



{h) By (¥.2), 



(f) By KVL, 



Idq — h 



..{l.^)^^(10xlO-)( 



-1 34\ 
1+^—1 = 4.42mA 



Vdsq = Vdd - Idq{Rs + Rd) = 15 - (4.42 x \Q-^){2 x 10^ + 500) = 3.95 V 



4.24 For a triode with plate characteristics given by Fig. 4-29, find {a) the perveance k and {b) the 
amphfication factor ii. 

(a) The perveance can be evaluated at any point on the vq ~ 0 curve. Choosing the point with coordinates 
ip = 15 mA and vp — 100 V, we have, from (4.9), 

ip 15x 10-^ 3/2 

(h) The amplification factor is most easily evaluated along the vp axis. From (4.9), for the point 
ip = 0,vp= 100 V, vc = -4V, we obtain 

Vp 100 

/x = = J = 25 

vc -4 



4.25 The amplifier of Example 4.7 has plate current 

ip = 7p + = 8 + cos (Dt mA 
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Fig. 4-29 



Determine (a) the power delivered by the plate supply voltage Vpp, (h) the average power 
delivered to the load and (c) the average power dissipated by the plate of the triode. (d) If 
the tube has a plate rating of 2 W, is it being properly applied? 

(a) The power supplied by the source Vpp is found by integration over a period of the ac waveform: 

1 r'^ 

Ppp = - Vppipdt = Vppip = (300)(8 X 10"') = 2.4 W 
T Jo 

1 f 

(h) Pl = ^\ ilRL dt = RlUI + /,?) = 1 0 X 1 

i Jo 

(c) The average power dissipated by the plate is 

Pp = Ppp - Pi = 2.4 - 0.645 = 1.755 W 



X io"'r + 



1 X 10" 



: 0.645 W 
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{d) The tube is not properly applied. If the signal is removed (so that ip — 0), then the plate dissipation 
increases to Pp = Ppp — 2.4 W, which exceeds the power rating. 



4.26 The plate efficiency of a vacuum-tube amplifier is defined as the ratio of ac signal power delivered 
to the load to plate supply power, or Pluc/Ppp- {i^) Calculate the plate efficiency of the amplifier 
of Problem 4.25. (b) What is the maximum possible plate efficiency for this amplifier without 
changing the Q point or clipping the signal? 

(a) T] = (100%) = (100%) = ^ (100%) = 0.208% 

Ppp V pplp Z.4 

(h) Ideally, the input signal could be increased until ip swings ±8 mA; thus. 



^max 




4.27 The triode amplifier of Fig. 4-30 utilizes cathode bias to eliminate the need for a grid power 
supply. The very large resistance Rq provides a path to ground for stray charge collected by the 
grid; this current is so small, however, that the voltage drop across Rq is neghgible. It follows 
that the grid is maintained at a negative bias, so 

vg = -Rxip (i) 




Fig. 4-30 



A plot of (1) on the plate characteristics is called the grid bias line, and its intersection with the dc 
load line determines the Q point. Let 7?^ = 1 1 .6 k^^, R^ = 400 Rq = 1 and Vpp = 300 V. 
If the plate characteristics of the triode are given by Fig. 4-31, {a) draw the dc load line, 
(6) sketch the grid bias line, and (t) determine the Q-point quantities. 

(a) The dc load hne has horizontal intercept Vpp — 300 V and vertical intercept 

^^^^^^ m ^.25mA 

Ric Rl + Rk (1 1.6 + 0.4) X 103 

as shown on the plate characteristics of Fig. 4-31. 

(/)) Points for the plot of {1) are found by selecting values of ip and calculating the corresponding values of 
vq. For example, if ;'/> = 5mA, then vq — —400(5 x 10"'^) — — 2V, which plots as point 1 of the dashed 
grid bias Une in Fig. 4-31. Note that this is not a straight hne. 

(f) From the intersection of the grid bias line with the dc load line, IpQ — 10 mA, VpQ — 180 V, and 
Vgq = -4V. 
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Supplementary Problems 

4.28 In the JFET amplifier of Example 4.2, Ri is changed to 2 MQ to increase the input impedance. If Rq, Rg, 
and Vdj) are unchanged, what value of R2 is needed to maintain the original Q point? Ans. 15.67 MJ^ 



4.29 Find the voltage across Rg in Example 4.2. Ans. 3 V 



4.30 Find the input impedance as seen by source of Example 4.2 if Cc is large. Ans. 940 kQ 



4.31 The method of .source bias, illustrated in Fig. 4-32, can be employed for both JFETs and MOSFETs. For a 
JFET with characteristics given by Fig. 4-6 and with Rj, = 1 kfi, Rs = 4kQ, and Rc = 10 MS^, determine 
Vdd and V^g so that the amplifier has the same quiescent conditions as the amplifier of Example 4.2. 
Ans. Kss = 4V, Kb« = 16V 

4.32 In the drain-feedback-biased amplifier of Fig. 4-9(a), Koq = 15 V, = 5 Mf^, /o^ = 0.7 mA, and 
VasQ =4.5Y. Find (a) V osq 'dnd (h) R^. Ans. (a) 4.5V; (6) UkQ 

4.33 A JFET amplifier with the circuit arrangement of Fig. 4-5 is to be manufactured using devices as described in 
Problem 4.7. For the design, assume a nominal device and use — 24 V, VosQ ~ 15 V, /^g — 2mA, 
R] — 2MQ, and R2 — 30 Mf^. (a) Determine the values of Rg and Rjj for the amplifier, (h) Predict the 
range of /flg that can be expected. Ans. (a) Rg = 1. 475k^, R^ = 3.03kQ; [b) 1.8 to 2.2mA 

4.34 To see the effect of a source resistor on g-point conditions, solve Problem 4.10 with Rg = 500 Q and all else 
unchanged. Ans. (a) = -3.58V; (b) Ko^g = -4V 
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Fig. 4-32 



4.35 Solve Problem 4.12 with a 200-Q source resistor Rs added to the circuit, and all else unchanged. 
Ans. (a) ^2 = 190kf2; (h) Ro = 9.4 Rn 

4.36 For the n-channel JFET circuit of Fig. 4-20, I^ss = 6mA, K,,o = 4V, = 5kQ, Rg = lOkQ, Vod = 15 V, 
and V<js = lOV. The JFET is described by {4.2). (a) Find the value of Vq that renders V„ = 0, and 
(/)) determine Kosg if K„ = 0. Ami. (a) 17.63 V; (h) W\ 

4.37 In the differential amplifier of Fig. 4-22, the identical JFETs are characterized by I^gg = 10 mA, Kpo = 4V, 
and /'c = 0. If Vdd = 1 5 V, K^s = 5 V, = 3 kf2, and Ro = 5 kQ., find I^qi and Vosq\ ■ 

Ans. 1.27 mA, 6.03 V 

4.38 The differential amplifier of Fig. 4-22 has the circuit element values of Problem 4.37. The identical JFETs 
are described by the model of Example 4.1. Use SPICE methods to determine voltage v„\ = v„2. (Netlist 
code available from author weh.site.) Ans. 8.81V 

4.39 A voltage source is connected to the differential amplifier of Fig. 4-22 such that Vq\ =0.5V. Let 

= 15 V, Vss = 2V, lass = 10mA, K^o = 4V for the identical JFETs, Rp = 6kf2, and Rs = 1 kQ.. 
Find (a) and (h) «„2- Ans. {a) 2.53 V; (h) 8.42V 

4.40 For the series-connected, nonidentical JFETs of Fig. 4-23, iai = ici = 0, Idss\ = ^ niA, Ioss2 = 10mA, and 
l^poi = ^Vo2 = 4V. Let = 15 V, «<; = 1 MQ, = 5kQ, and Rs = 2kQ. Find (a) Ioqi, 

(b) VasQi, (<-') VasQi. (d) K^sg,, and (e) Vdsqi- 

Ans. (a) 1.22 mA; (h) -2.44 V; (c) - 2.605 V; (d) 0.165 V; (e) 6.295 V 

4.41 The series-connected, identical JFETs of Fig. 4-23 are characterized by /^ss = 8 mA, K^o = 4V, and 
(o = 0.5/xA. If Koo = 15 V, «o = 5 kf2, = 2 kf2, and Ra = IMQ, find (a) VasQi, (h) Vcsqi, 

(c) Kosg,,and (d) Vdsqi- Ans. {a) = -3.44V; {h) -3.44V; (f) OV; (rf) 6.46V 

4.42 In the circuit of Fig. 4-24, the identical JFETs are described by I^ss = 8 mA, V^q = 4V, and ig = 0.1 /nA. If 
Ro = \kQ,Rs = 2k^,Ra=\MQ., and Koo= 15V, find (a) VasQi, (h) Vgsqi. (c) Idqi, 
id) Vdsqi, and (e) Vosqi- 

Ans. (a) - 3.986 V; (h) -1.65 V; (c) 2.76 mA; (rf) 6.72 V; (e) 8.37 V 

4.43 For the enhancement-mode MOSFET of Problem 4.20, determine the value of /o„„. Ans. 5.6 mA 

4.44 Let VoD = 15 V, .R^, = 1 kf2, Rs = 500 f2, and R2 = 10kS2 for the circuit of Fig. 4-18. The MOSFET is a 
depletion enhancement mode device that can be characterized by the parameters of Example 4.2 except that 
Vto = — 4V. Use SPICE methods to determine the range of Rf such that the MOSFET is (a) biased for 
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depletion-mode operation (Vasg < 0) "ind (h) enhancement-mode operation (Vgsq > 0)- (Netlist code 
available from author website.) Arts, (a) Ri > 2.71 kf2; (h) <2.71kf2 

4.45 The common-gate JFET amplifier of Problem 4.23 is not biased for maximum symmetrical swing. Shift the 
bias point by letting R^ = lOkQ and R2 = 5 kQ while all else is unchanged. Does the amplifier bias point 
move closer to the condition of maximum symmetrical swing? Ans. Yes; VosQ = 6.59 V 

4.46 In the circuit of Fig. 4-33, R^ » Rsi,Jis2- The JFET is described by (4.2), loss = 10mA, F^o = 4V, 
Vdd = 15 V, Vdsq = 10 V, and VasQ = -2V. Find (a) Rsu (b) Rsi, and (c) vs- 

Ans. (a) 800 Q; (ft) 1.2 kQ; (c) 5V 




Fig. 4-33 



Transistor Bias 
Considerations 



5.1. INTRODUCTION 

In the initial design of transistor circuits, the quiescent operating point is carefully established to 
ensure that the transistor will operate within specified limits. Completion of the design requires a check 
of quiescent-point variations due to temperature changes and unit-to-unit parameter differences, to 
ensure that such variations are within an acceptable range. As the principles of operation of the 
BJT and FET differ greatly, so do the associated methods of Q-point stabilization. 



5.2. P UNCERTAINTY AND TEMPERATURE EFFECTS IN THE BJT 

Uncertainty as to the value of /9 may be due either to unit-to-unit variation (which may reach 200 
percent or more) or to temperature variation (1 percent/°C or less); however, since unit-to-unit variation 
has the greater effect, a circuit that has been desensitized to such variation is also insensitive to the effect 
of temperature on /J. The design must, however, directly compensate for the effects of temperature on 
leakage current Icbo (which doubles for each 10°C rise in temperature) and base-to-emitter voltage Vg^Q 
(which decreases approximately 1.6 mV for each 1°C temperature increase in Ge devices, and approxi- 
mately 2mV for each TC rise in Si devices). 

Constant-Base-Current Bias 

The constant-base-current bias arrangement of Fig. 3-14 has the advantage of high current gain; 
however, the sensitivity of its Q point to changes in limits is usage. 

Example 5.1 . The Si transistor of Fig. 3-14 is biased for constant base current. Neglect leakage current Icbo^ and 
let Vcc Rb = 500 kS2, and Rc = SkQ.. Find Icq and Vceq (a) if j8 = 50, and (b) if ^ = 100. 

(a) By KVL, 
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Since /gg = IcqI we may write, using (5.1), 



Icq — 



PiVcc-VsEQ) _mi-0.1) 



500 X 10^ 



1.43 mA 



so that, by KVL, 



CEQ 



(h) With p changed to 100, (5.2) gives 



and, from (5.3), 



Vcc - IcqRc = 15 - (1.43)(5) = 7.85 V 
100(15-0.7) 



(5.2) 



{5.3) 



CO = i— = 2.86 mA 

500 X 10^ 



Kc£e= 15-(2.86)(5) = 0.7V 



Note that, in this example, the collector current Icq doubled with the doubling of /J, and the Q point 
moved from near the middle of the dc load line to near the saturation region. 

Example 5.2. Show that, in the circuit of Fig. 3-14, Icq varies linearly with fS even if leakage current is not 
neglected, provided /! S> 1 . 

Using the result of Problem 3.36(a) and KVL, we have 



IbqRb — 



IcQ-(fi+Wc 



Rb = Vcc - v. 



BEQ 



Rearranging and assuming fi S> 1 lead to the desired result: 



_ P( Vcc - Vbeq) ^ /i + 1 ^P(Vcc- Vbeq) ^ , 

CQ — j; ' 3 — 'CBO ~ n T JcBO 



R^ 



Rr 



Constant-Emitter-Current Bias 

In the CE amphfier circuit of Fig. 5-1, the leakage current is explicitly modeled as a cvirrent source. 

Rr 



'BQ 



® 




Fig. 5-1 



Example 5.3. Use the circuit of Fig. 5-1 to show that (3.8) is the condition for /8-independent bias even when 
leakage current is not neglected. 
By KVL, 



Vbb — IbqRb + Vbeq + IeqRe 



{5.4) 
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Using the results of Problem 3.36 and assuming that /6 » 1, we may write 

IeQ ~ — i^CQ ~ IcBo) ^ ^CQ ~ IcBO i^-^) 

and lgQ=-^ — ic-go ^ - IcBo 

p P P 

Substituting (J.J) and (5.6) into (J.-^) and rearranging then give 

J Vbb — Vbeq + tcBo(J^B + J^e) 

- Rb/P + Re ^^-^ 

From (J. 7) it is apparent that leakage current Icbo increases Icq. However, I^q is relatively independent of /3 only 
when Rg/p «; Rj,. 

Shunt-Feedback Bias 

A compromise between constant-base-current bias and constant-emitter-current bias is offered by 
the shunt-feedback-bias circuit of Fig. 3-17, as the following example shows. 



Example 5.4. In the shunt-feedback-bias circuit of Fig. 3-17, Fee = 15 V, .^c = 2kQ, = 150ki2, and 
7cBO ^ 0. The transistor is a Si device. Find Icq and Vceq if («) yS = 50 and (b) fi = 100. 

(a) ByKVL, 

Vcc = {Icq + Ibq)Rc + IbqRf + Vbeq = {^cq + "^^^c + Rf + Vbeq 

r P^Vcc-Vbeq) 50(15-0.7) 

so that Irn = : — ~ 5 t- = 2.84 mA 

'^^ Rf + (P+l)Rc 150 X 103-H(51)(2 X 103) 



Now KVL gives 



(b) For p = 100, 



Vceq — Vcc - Ubq + Icq)Rc — Vcc ~ l^^cg^c 
= 15 - -)- 1^(2.84 X 10"3)(2 X 10^) = 9.21 V 



100(15-0.7) ^ 
Icn = 5^ 5- = 4.06 mA 

'■^ 150 X 10' + (101)(2 X 10') 



and Vceq = ~ ( ^ V"^-^^ ^ 10~')(2 x 10^) = 6.80 V 



With shunt-feedback bias the increase in I^q is appreciable (here, 43 percent); this case lies between 
the /8-insensitive case of constant-emitter-current bias and the directly sensitive case of constant-base- 
current bias. 



Example 5.5. Neglecting leakage current in the shunt-feedback-bias amplifier of Fig. 3-17, find a set of conditions 
that will render the collector current Icq insensitive to small variations in p. Is the condition practical? 
From Example 5.4, if /S S> 1, 

J _ Vcc ~ Vbeq Vcc ~ Vbeq 

The circuit would be insensitive to j9 variations itRp/P <g; Rc. However, since 0.3 < Vbeq ^ 0.7, that would lead to 
IcqRc Vcc', hence, Vceq would come close to 0 and the transistor would operate near the saturation region. 
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Icq — /(^> ^CBO' Vbeq^ ■ • •) 



then, by the chain rule, the total differential is 



dl. 



9/, 



CQ 



CQ 

dp 



dl, 



5.3. STABILITY-FACTOR ANALYSIS 

Stability-factor or sensitivity analysis is based on the assumption that, for small changes, the variable 
of interest is a hnear function of the other variables, and thus its differential can be replaced by its 
increment. In a study of BJT Q-point stabiUty, we examine changes in quiescent collector current Icq 
due to variations in transistor quantities and/or elements of the surrounding circuit. Specifically, if 

(5.8) 
(5.9) 

(5.10) 
(5.11) 
(5.12) 



CQ 



Mr 



dir 



9F, 



BEQ 



BEQ 



+ ■ 



We may define a set of stability factors or sensitivity factors as follows: 



A/, 



CQ 



Sj 



A/6 
A/, 



die 



CQ 



CQ 



A/, 



CBO 



dp 

9/, 



CQ 



CBO 



Sv 



AI, 



CQ 



BEQ 



dl. 



CQ 
'^BEQ 



and so on. Then replacing the differentials with increments in (5.9) yields a first-order approximation to 
the total change in Icq: 

AIcQ SpAp+ Sj AIcBo + Sy A Vbeq + •■• (5.13) 



Example 5.6. For the CE amplifier of Fig. 5-1, use stability-factor analysis to find an expression for the change in 
Icq due to variations in p, Icbo^ and Vbeq. 

The quiescent collector current Icq is expressed as a function of p, Icboj and Vg^Q in (5.7). Thus, by (5.13), 

(5.14) 



AI, 



CQ 



'S.Ap + SiAIcBo + SrAVi 



BEQ 



where the stability factors, according to (5.10) through (5.12), are 



5^ 
5'/ = 
Sv = 



31, 



'Q . 



a 



P{Vb 



Vbeq + Icbo(Rb + Re)\\ RbWbb - V, 



Rb + PRe 



BEQ 



1cbo(Rb + Re)] 



(Rb + PReY 



9IcQ _ Rb + Re 



dIcBO RbIP + Re 
^IcQ ^ P 
SVbeq Rb + PRe 



(5.15) 
(5.16) 
(5.17) 



5.4. NONLINEAR-ELEMENT STABILIZATION OF BJT CIRCUITS 

Nonlinear changes in quiescent collector current due to temperature variation can, in certain cases, 
be eliminated or drastically reduced by judicious insertion of nonlinear devices (such as diodes) into 
transistor circuits. 

Example 5.7. In the CE amplifier circuit of Fig. 5-1, assume that the Si device has negligible leakage current and 
(3.8) holds to the point that Rb/P can be neglected. Also, Vbeq decreases by 2mV/°C from its value of 0.7 V at 
25°C. Find the change in Icq as the temperature increases from 25°C to 125°C. 

Let the subscript 1 denote "at T = 25°C," and 2 denote "at T = 125°C." Under the given assumptions, (5.7) 
reduces to 



. Vbb — Vbeq 
Je 
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The change in Icq is then 



A/, 



CQ ■ 



^CQ2 ~ 'CQ\ 



0.002(72 - Ti) 



0.2 



Example 5.8. Assume that the amplifier circuit of Fig. 5-2 has been designed so it is totally insensitive to varia- 
tions of ^6. Further, Rg ^ Rj). As in Example 5.7, Kg^-g is equal to 0.7 V at 25°C and decreases by 2 mV/°C. Also 
assume that varies with temperature exactly as Vseq does. Find the change in Icq as the temperature increases 
from 25°C to 125°C. 




Fig. 5-2 



A Thevenin equivalent circuit can be found for the network to the left of terminals A, A, under the assumption 
that the diode can be modeled by a voltage source Vj). The result is 



Rt 



Rn 



Rd = 



y BB^D + ^dR-B 



R-B + R-D Rd + Rb 

With the Thevenin equivalent in place, KVL and the assumption /gg = Icq/P ^ ^eq/P give 



^CQ ■ 



' ^Q — 



(VbbRd + VDRB)liRD + Rb) - Vbeq 
Rd/P+Re 



Now if there is total independence of p, then Ro/fi must be negligible compared with R^. Further, since only Vjj 
and Vbeq ^re dependent on temperature, 

Rb aVj, dVBEQ 



die 



Hence, 



A/, 



CQ ■ 



Re 

dico 0.002 Rd 
■ ^ AT = 100 : 



Rf Rr 



Re(Rb + Rd) 
02 Ro 
Re Rb 



Rf Rh 



Because Rjy here, the change in /^g has been reduced appreciably from what it was in the 

circuit of Example 5.7. 



5.5. e-POINT-BOUNDED BIAS FOR THE FET 

Just as (S may vary in the BJT, the FET shorted-gate parameters 1^^^ and V^q can vary widely within 
devices of the same classification. It is, however, possible to set the gate-source bias so that, in spite of 
this variation, the Q point (and hence the quiescent drain current) is confined within fixed limits. 

The extremes of FET parameter variation are usually specified by the manufacturer, and (4.2) may 
be used to establish upper and lower (worst-case) transfer characteristics (Fig. 5-3). The upper and 
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Fig. 5-3 



lower quiescent points 2max and Q^^^ ^I's determined by their ordinates Idq max ^iid ^dq mm-: assign 
loQmax ^^id -^£12111111 the limits of allowable variation of I^q along a dc load hne superimposed on the 
family of nominal drain characteristics. (These in turn estabhsh VDSQmux and K/jsgmin: respectively.) 
This dc load hne is established by choosing Rd + Rg in a circuit like that of Fig. 4-5 so that Vj)^ remains 
within a desired region of the nominal drain characteristics. 
If now a value of Rs is selected such that 

„ I'^G^emax" ^GSQ mini /c ro\ 

J<s > — f f p.ya) 

Then the transfer bias line with slope —[/R^ and vq^ intercept Vqq > 0 is located as shown in Fig. 5-3, 
and the nominal Q point is forced to lie beneath Qmax and above Qmm^ so that, as desired, 

^DQ min ^ ^DQ ^ ^flgmax 

With Rs, Rd, and Fgc already assigned, Rq is chosen large enough to give a satisfactory input 
impedance, and then i?; and Ro are determined from (4.3). Generally, Rg will be comparable in 
magnitude to Rj). To obtain desirable ac gains, a bypass capacitor must be used with R^, and an ac 
load line introduced; they are analyzed with techniques similar to those of Section 3.7. 



5.6. PARAMETER VARIATION ANALYSIS WITH SPICE 

PSpice offers two features that allow direct stvidy of circuit performance change due to parameter 
variation. The first of these features is simply called sensitivity analysis. It is invoked by a control 
statement of the following format: 

.SENS sensitive variable 

The sensitive variable can be any node voltage or the current through any independent voltage source. A 
table is generated in the output file that gives the sensitivity of the sensitive variable to each parameter 
(specified or default) in the model of all BJTs and diodes that are directly comparable with (5.11) and 
(5.12). 



Example 5.9. For the amplifier of Fig. 5-1, use SPICE methods to determine the sensitivity of Icq to changes in f} 
(fl) if -Rfl/jS <3c: Re and (h) if Rb/P > Re- Bias the transistor such that Vceq has approximately the same value for 
both cases. 
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(a) The generic npn transistor of Example 3.2 is used. It is not necessary to add tiie current source Icbo of Fig- 5-1 
as the parameter Isc of the transistor model specifies the collector-base leakage current. Set Vgs = — 1 V, 
Vcc = — 15 V, i?fl = 2kJ2, J?c = 5 kQ, and Re = 200 C2. The netKst code below describes the resulting circuit. 



Ex5_9 . CIR 
VBB 0 1 - IV 
VCC 0 4 -15V 
RB 12 2kohm 
RC 3 4 5kohm 
RE 5 0 200ohm 
Q 3 2 5 QNPNG 

.MODEL QNPNG NPN ( Is=10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br=3 Rb=lohm Rc=lohm Va=75V C j c=10pF C j e=15pF ) 

.SENS I (VCC) 

.PRINT DC IC (Q) IB (Q) 

.END 



Execute (Ex5_9.CIR) and examine the output file to find values for calculation of p. 

l(VCC) 1.568 X 10-^ 
^-I(VBB)- 9.751x10-^ = ^^°-^ 

Hence, 

From the sensitivity output table, find 5^ = 6.127 x 10~^ A/unit. 
(b) Edit (Ex5_9.ClR) to set FjjB = -1.32 and «g = 35kf^. Leave other values unchanged. Execute (Ex5_9.CIR) 
to see that V(3, 5) = Vceq = 6.86 V [V(3) - V(5) from small signal bias solution in output file] which is approxi- 
mately equal to the value of 6.84 V in part (a). With the same quiescent point, /3 is unchanged and 

^ = = 223.9 Q >R,^ 200 Q 

P 156.3 * 

From the sensitivity table in the output file, find 5^3 = 4.945 x 10~* A/unit. Thus, the sensitivity of Iqq to 
variation in /8 has increased by a factor of 8 over the case of part {a) where Rb/P <SC Re- 

The second PSpice feature for convenient study of circuit performance change due to parameter 
variation is known as worst-case analysis. It is implemented by a control statement of the following 
format: 



.WCASE analysis type sensitive variable YMAX DEVICES device type 

The analysis type may be ac, dc, or transient as specified in the netlist code. The sensitive variable can be 
any current or voltage. The device type can be any element of the circuit that has a model explicitly 
appearing in the netlist code. The percentage deviation (DEV) for the parameter of interest must be 
specified within the model parameter Ust. 

The worst-case analysis actually calculates the circuit performance at the extremes of operation 
rather than giving a projected change as results from the sensitivity analysis. Owing to the nonlinear 
nature of many device parameter changes, the worst-case analysis should be used if other than a small 
change in the operating point is anticipated to give a better accuracy than would result from sensitivity 
analysis. 



Example 5.10. For the circuit of Fig. 5-1, let F^j = -1.32 V, Fee = -15 V, i?j = 35 kS2, i?c = 5 kJ2, and 
Re = 200 J2. Use the npn transformer of Example 5.9, where the current source Icbo is modeled by the parameter 
Isc = 10 fA. As in part (b) of Example 5.9, the transistor is biased for near-maximum symmetrical swing, but with 
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RbIP > Re so that its collector current Icq is significantly sensitive to changes in the value of fi. Use SPICE 
methods to determine the worst-case change in Icq due to a 50 percent change in the value of j). 

The transistor parameter list in the .MODEL statement must be modified from that of Example 5.9 to add the 
DEV = 50% immediately following Bf = 150 as shown in the netlist code that follows: 



Ex5_10 . CIR 
VBB 0 1 -1. 32V 
VCC 0 4 -15V 
RB 1 2 35kohm 
RC 3 4 5kohm 
RE 5 0 200ohm 
Q 3 2 5 QNPNG 

.MODEL QNPNG NPN(Is=10fA Ikf=150mA Isc=10f A Bf =150 

+ DEV 50% Br=3 RB=lohm Rc=lohm Va=75V Cjc=10pF Cje=15pF) 

.DC VCC -15V -15V IV 

.WCASE DC IC (Q) YMAX DEVICES Q 

.END 



Execute (Ex5_10.ClR) and poll the output file to find the worst-case deviation is a 495 /iA reduction of Icq which 
occurs for yS = 75 or for 50 percent of the nominal value of y6. Due to the nonlinear nature about the point of 
operation, the deviation for p = 225 or for 150% of the nominal value of /8 was the lesser deviation. The particular 
value of Icq for p — 225 can be determined by changing YMAX to MIN in the .WCASE statement, executing 
(Ex5_10.ClR), and examining the output file. 



Solved Problems 

5.1 Leakage current approximately doubles for every 10°C increase in the temperature of a transistor. 
If a Si transistor has Icbo = 500 nA at 25°C, find its leakage current at 90°C. 

IcBO = (500 X io-')2<"'-2^>/"' = (500 x 10"'')(90.5I) = 45.25 /xA 

5.2 Sketch a set of common-emitter output characteristics for each of two dilferent temperatures, 
indicating which set is for the higher temperature. 

The CE collector characteristics of Fig. 3-3(c) are obtained as sets of points (/p, Vce) from the ammeter 
and voltmeter readings of Fig. 3-3(a). For each fixed value of Ig,Ic = pis + (P+ ^)Icbo must increase with 
temperature, since Icbo increases with temperature (Problem 5.1) and p is much less temperature sensitive 
than Icbo- The resultant shift in the collector characteristics is shown in Fig. 5-4. 

5.3 In the circuit of Fig. 3-13, a transistor that has = P\ is replaced with a transistor that has 
P=P2- W Find an expression for the percentage change in collector current, {b} Will collector 
current increase or decrease in magnitude if P2 > fii^ Neglect leakage current. 

(a) ByKVL, 

^cc = Ibq^b + Vbeq + Ieq^e (1) 
Using (3.2) and (3.4) in (1) and rearranging lead to 

Vcc - Vbeq = (Rb + + J^eIcq (2) 



144 



TRANSISTOR BIAS CONSIDERATIONS 



[CHAP. 5 




Fig. 5-4 



This equation may be written for tlie original transistor (with P = Pi and /fg = IcQi) '^^'^ f"'' the 
replacement transistor (with P2 "ind Icqi)- Subtracting the former from the latter then gives 



0 = (Ag + Re) 



CQl 'CQ\ 



D2 pi 

If we define Icni = IcQ\ + ^hv^ then (3) can be rewritten as 



which, when rearranged, gives the desired ratio: 

^k-Q ^ ifii - Pi){Rb + Re) 
IcQ\ PARB + {Pi + mE\ 

(h) By inspection of (4), it is apparent that A/^g is positive for an increase in p (P2 > 



(100%) 



(3) 



{4) 



5.4 Use SPICE methods to show the sensitivity of /J and V^eq as the operating temperature ranges 
from 0 to 125°C if the transistor is the npn device of Example 5.9. 

The netlist code that follows establishes the desired sweep of temperature with I^^q — lb set at a 
reasonable value of 150/xA. 



Prb5_4 . CIR 
lb 0 1 150uA 
Q 2 1 0 QNPNG 
VC 2 0 15V 

.MODEL QNPNG NPN{ Is=10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br = 3 Rb=lohm Rc = lohm Va=75V Cjc = 10pF Cje = 15pF) 

.DC TEMP 0 125 5 

.PROBE 

.END 



After executing (Prb5_4.CIR>, use of the Probe feature of PSpice allows plotting of /J versus temperature and 
^BEQ versus temperature as shown by Fig. 5-5. Inspection of the plot shows that the variation of p with 
temperature is significantly less than 1%/°C, supporting the implication of Section 5.2 that it is the unit-to- 
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VBEQ 



400 mV + r ^ ^ 

0 50 100 150 

o V(l) 

TEMP 

Fig. 5-5 

unit variation of p rather than temperature that is of concern. However, the plot shows that the value of 
Vbeq does change significantly with temperature as claimed in Section 5.2. 



5.5 If the transistor of Problem 5.4 is supplied by a constant base current /^^^ = 75 /xA, use SPICE 
methods to let fi range from 50 to 200 and plot the resulting collector characteristics to show the 
impact of unit-to-unit variations in fi. 

The nethst code below sets j6 as a parameter to range from 50 to 200 in increments of 50. 



Prb5_5.CIR 
.PARAM Beta=0 
lb 0 1 75uA 
Q 2 1 0 QNPNG 
VC 2 0 OV 

.MODEL QNPNG NPN{Is=10fA Ikf=150mA Isc = 10f A Bf = {Beta} 
+ Br=3 Rb=lohinRc=lohm Va=75V Cjc=10pF Cje=15pF) 
.DC VC OV 15V IV PARAM Beta 50 200 50 
.PROBE 

.END 



After executing (Prb5_5.CIR>, the plot of Fig. 5-6 is made using the Probe feature of PSpice. Inspection of 
the resulting plot shows that for a particular value of Vceq and Ibq, the collector current Icq varies nearly 
directly with j8; thus, the conclusion of Example 5.2 is substantiated by numerical example. 

5.6 The transistor in the circuit of Fig. 3-19 is a Si device with Iceo ^ 0. Let Vcc = 18 V, V^e = 4 V, 
Re = 2kQ, Rc = 6k^, and Rb = 25kn. Find Icq and Vceq (a) for ;3 = 50 and (Z>) for 
P= 100. 

(a) By KVL around the base-emitter loop, 

^EE — ^BEQ ~ IbqRb + IeqRe (1) 

We let Ibq = IcqIP and Ieq = Icq(P + 1)//* in (^) and rearrange to obtain 
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20 ciA 




Fig. 5-6 



Vee - Vbeq 4-0.7 

Then KVL around the collector loop with I^q = Icq{P+ 1)//6 yields 

VcEQ = Vcc + Vee - (i?c + ^ ^^^^ce = 1^ + 4 - (^6 + ^ 2^(1.3) = 11.55 V 
(b) ForyS=100, 

4-0.7 , . 

Irn = 5 5- = 1.45mA 

25 X lOVlOO + (101/100)(2 X 10^) 

VcEQ = 18 + 4 - fe + 2V1.45) = 10.37 V 



5.7 In the circuit of Fig. 3-19, under what condition will the bias current Iqq be practically indepen- 
dent of p if IcEo « 0? 

With /3 » 1, the expression for Icq from Problem 5.6 gives 

. _ Vee ~ Vbeq Vee ~ Vbeq 



It is apparent that Icq is practically independent of P if Rb/P <C Re- The inequality is generally considered 
to be satisfied if Rg < PRe/W. 



5.8 



In the circuit of Fig. 3-23, the Si transistor has negligible leakage current, Vcc = 15 V, V^e = 5 V, 
Re = 3kQ, and Rc = 7kS2. Find Icq, Ibq, and Vceq if («) /6 = 50 and (b) = 100. 
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(a) KVL around the base loop yields 

Vee - Vbeq 4-0.7 , , ^ 
hg = ;^ = — 7^ = 1.1 mA 



Now, Icq = Ieq = 1-1 = 1.078 mA 



Re " 3 X 10' 
50 
51 

Icq _ 1.078 x 10"^ 



and IsQ = ^ = - = 21.56M 

and KVL around the collector loop gives 

VcEQ = Vcc + Vee - IeqRe - IcqRc = 15 + 5 - (1.1)(3) - (1.078)(7) = 9.154 V 
{b) For p = 100, Ieq is unchanged. However, 

/ce = {^ 1 1 = 1 089mA 

, 1.089 x 10-' . 
^BQ = = 10.89 M 

and VcEQ = 15 + 5 - (1.1)(3) - (1.089)(7) = 9.077 V 



5.9 In the circuit of Fig. 3-14, let Vcc = 15 V, -R^ = 500 kfi, and Rc = 5kQ. Assume a Si transistor 
with IcBo ^ 0- (fl) Find the sensitivity factor 5^ and use it to calculate the change in Icq when 
jS changes from 50 to 100. (b) Compare your result with that of Example 5.1. 



(a) By KVL, 



Icq 



so that Icq = „ 

and by (5.10), 



Vcc — Vbeq + IbqI^b — Vbeq + 
P{Vcc - Vbeq) 



JJcq^Vcc-Vbeq^ ^^-"-^ 28.6x10-^ 
" dp Re 500 X 10' 

According to (5.13), the change in Icq due to p alone is 

AIcQ '^SpAf, = (28.6 X 10-'')(100 - 50) = 1.43 mA 

(b) From Example 5.1, we have 

A/ce = IcQ\t,= m - IcQ\fi=50 = 2.86 - 1.43 = 1.43 mA 

Because Icq is of the first degree in p, (5.13) produces the exact change. 



5.10 For the amplifier of Fig. 3-8, (a) find the sensitivity factor and (b) show that the condition 
under which the p sensitivity factor is reduced to zero is identical to the condition under which the 
emitter current bias is constant. 



(a) Since 



we have, from (3.6), 



I En — 



Icq P+i 



Vbb — Icq ^ + Vbeq + — IcqI^e 
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Rearranging gives 



P P 

and, from (5.10), 



J _ ^BB ~ ^BEQ _ Pi ^BB ~ ^BEq) , „ 



dIcQ ^ (JiB + RE)(yBB- VbEq) 

9/3 [RB + {li+^)RE\- 



(b) Note in (2) that lim = 0. Now if y8 oo in (i), then Icq ^ (Vbb — Vbeq)IRe = constant. 

5.11 Temperature variations can shift the quiescent point by affecting leakage current and base-to- 
emitter voltage. In the circuit of Fig. 5-1, Vbb = 6 V, J?^ = 50 kQ, Re = 1 kS2, = 3 k^^, 
/3 = 75, Fee = 15 V, and the transistor is a Si device. Initially, 7eao = 0.5/.tA and 
Vbeq = 0.7 V, but the temperature of the device increases by 20°C. (a) Find the exact change 
in /eg. (b) Predict the new value of /eg using stability-factor analysis. 

(a) Let the subscript 1 denote quantities at the original temperature T^, and 2 denote quantities at 
Ti -|-20°C = By (5.7), 

Vbb - Vbeqi + Icbo\{Rb + Re) 6 - 0.7 + (0.5 x 10-«)(51 x 10^) 

im\ — — ^ ^ — Jj.iyjjlTLA. 

RbIP + Re 50 X 10V75 + 1 X 10^ 

Now, according to Section 5.2, 

W = IcBO^^^"' = 0.5 X 10-«2^»/"' = 2M 
AKg^e = -2 X IQ-' Ar = (-2 X 10-')(20) = -0.04 V 
so Vbeqi = Vbeqi + A Kb^q = 0.7 - 0.04 = 0.66 V 

Again by (5.7), 

Vbb - Vbeqi + W(^b + Re) 6 - 0.66 + (2 x 10-«)(51 x lO') . ^ 

irm — = ^ ^ = 3.ZOD2mA 

Rb/P + Re 50 x 10V75 -I- 1 x 103 

Thus, AIcQ = IcQ2 - IcQi = 3.2652 - 3.1953 = 0.0699mA 

(b) By (5./(5) and (5.77), 

+ ^ 50+1 ^ 
' /?b/,S + 50/75 + 1 
^ -P -75 



Rb + PRe 50 X 10' -I- (75)(1 X 10') 

Then, according to (5.13), 

AIcQ ^ S, AIcBo + SvAVbeq = (30.6)(1.5 x 10"') + (-0.6 x 10"')(-0.04) = 0.0699mA 
and IcQ2 = IcQi + ^Icq = 3. 1953 -I- 0.0699 = 3.2652 mA 



5.12 In Problem 5.11, assume that the given values of I^bo ^tid Vg^g are vahd at 25°C (that is, that 
Ti = 25°C). (a) Use stabihty-factor analysis to find an expression for the change in collector 
current resulting from a change to any temperature T2. (h) Use that expression to find A/eg 
when T2 = 125°C. (c) What percentage of the change in Icq is attributable to a change in 
leakage current? 

(a) Recalling that leakage current Icbo doubles for each 10°C rise in temperature, we have 
^IcBo = ^cjoItj — -^CToIr, = 7cBo 1 25°c(^*^^ ~ 1) 
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Since Vb£q for a Si device decreases by 2 mV/°C, we have 

A Kfi^e^ -0.002(72 -25) 
Now, substituting S, and 5^ as determined in Problem 5.11 into {5.J3), we obtain 
AIcQ = S,McBO + SyA Vbeq 

■ /ctoI,,y(2^'^""'"" - 1) + „ r.n (0.002)(r2 - 25) 



f^iRs + Re) , I ,-,(r2-25)/io 



(h) At T2 — 125°C, with the values of Problem 5.11, this expression for AIcq gives 

hIcQ = (30.6)(0.5 X io-'')(2('25-25)/io _ _^ (0.0006)(0.002)(125 - 25) 
= 15.65 mA + 0.12mA = 15.77 mA 

(c) From part h, the percentage of A/fg due to Icbo is (15. 65/15. 77)(100) = 99.24 percent. 



5.13 In the constant-base-current-bias circuit arrangement of Fig. 5-7, the leakage current 
modeled as a current source Icbo- U') Find Icq as a function of Icbo^ ^beq^ ^nd fi. 
mine the stability factors that should be used in (J. 75) to express the influence of I^bo 
/S on Icq. 

(a) By KVL, 

^cc ~ IbqRij + IeqRe 
Substitution of (5.5) and (5.6) into {1) and rearrangement give 

J ^cc ~ ^beq + IcBoiRh + Re) 

'■^ Ri,/P + Re 

(h) Based on the symmetry between (2) and (5.7) we have, from Example 5.6, 



is explicitly 
(h) Deter- 
, Vbeq, and 



(1) 



S, 



Ri, + Re 
RJP + Re 



Rb + I^Re 



Rhi^CC — ^BEQ + IcBoiRh + Re)] 

{Rb + PRe)- 



(2) 



>+ V, 





Fig. 5-7 



Fig. 5-8 



5.14 In the shunt-feedback bias arrangement of Fig. 5-8, the leakage current is explicitly shown as a 
current source Icbo- (p) Find Icq as a function of Icbo^ ^beq^ and /J. (b) Determine the 
stabihty factors that should be used in (5.13) to express the influence of Icbo ^ ^beQ' and /J on Icq- 
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(a) By KVL, 

^CC ~ IcQ^C + ^BgiJ^C + J^f) + ^BEQ + IeQ^E 

Substituting (5.5) and (5.6) into (1), rearranging, and then assuming /i ^ 1, we obtain 

^cc ~ ^beq + lcBo(l^c + Rp + Re) ^ ^cc ~ ^beq + lcBo(Rc + Re + Re) 



'^Rc^^^Re 



Rf/P + Rc + Re 



(1) 



(2) 



(h) Based on the symmetry between (2) and (5.7) we have, from Example 5.6, 

Rc + Re + Re 



S,- 



Rf/P + Rc + Re 



Rf + p(Rc + Re) 



ReI^CC ~ ^BEQ + IcBoiRc + Re + Re)] 

[Re + mc + Re)? 



5.15 In the CB amplifier of Fig. 5-9, the transistor leakage current is shown explicitly as a current 
source Icbo- U') Find Icq as a function of /c^o, Vbeq^ (b) Determine the stability 

factors that should be used in (5.13) to express the influence of Icbo^ ^beQ' ^^id p on Icq. 





Ieq 




Icq 




\ 


/ 




ReX 












^CBO 




Vee- 

+ 


- 4et 







Fig. 5-9 

(a) By KVL, 

^EE = ^BEQ + Ieq Re 
Substituting (5.5) into (1) and rearranging yield 



P+ 1 Vee — Vbeq , 
'CQ — r 1, 



Rf 



+ 'CBO 



(h) Direct application of (5.10) through (5.12) to (2) gives the desired stability factors as 



9/, 



CQ . 



1 — Vbeq 
'W R^: 



air, 



CQ 



die 



3Ir, 



dV 



CQ . 

BEQ 



PRe 



(1) 



(2) 



5.16 The CB amphfier of Fig. 5-9 has Vcc = 15 V, = 5 V, i?£ = 3 kS2, Rc = l kfi, and p = 50. At 
a temperature of 25°C, the Si transistor has Vbeq = 0.7 V and Icbo = 0.5 /xA. (a) Find an 
expression for Icq at any ternperature. (h) Evaluate that expression at 7" = 125°C. 

(a) Let the subscript 1 denote quantities at = 25°C, and 2 denote them at any other temperature T2. 
Then, according to Section 5.2, 

'CB02 — ^ 'CBO[ 

Vbeq2 = Vbeqx +AVbeq = V beqx - 0.002(7-2 - 25) 



CHAP. 5] 



TRANSISTOR BIAS CONSIDERATIONS 



151 



Hence, by (2) of Problem 5.15, 

, Vee- Vbeqx + 0.002(7-2 - 25) 

-25)/10r 

'CQ2 — n 5 r ^ ^CBOl 

P 

(h) At T2 = 125°C, (1) gives us 

^ 51 5 - 0.7 + (0.002X125 - 25) ^ ^ ^ ^3 ^ ^^^^ ^ ^^^^^^ 

50 3 X 10 



5.17 For the Darlington-pair emitter-follower of Fig. 5-10, find /^gi as a function of the six tempera- 
ture-sensitive variables Icboi^ Icboi^ Vbeqi^ Vbeqi^Pi, and (^2- 



•qbi\ 



'CQ\ 



'CQ2 




Fig. 5-10 



By KVL, 

VcC ~ IbQX^F + ^ BEQX + ^BEQl + ^EQl^E 

By KCL, 1eq2 — Ieq\ + ^cqi 

Using the result of Problem 3.36 in (2) and then substituting Iggi — Ieq\, we obtain 

^EQl = IeQ\ + Plhqi + (Pi + WcBOl = (P2 + l)4-ei + (Pi + ^)^CB02 

Assuming P[, P2^ 1 and substituting for /^gi according to (5.5), we obtain 

^EQl ^ (P2 + l)^Cei + (P2 + 1)(^CB02 ~ IcBOl) 

Also, from (5.(5), 



^BQ\ 



■Icn 



Now we substitute (i) and (^) into (7) and rearrange to get 

^CC ~ ^BEQl ~ ^BEQ2 + ^CBOl(J^F + /^2^£) ~ ^CB02/^2^£ 



^CQl — 



(1) 

(2) 



Re I Pi + P2RE 



{3) 
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5.18 (a) Determine a first-order approximation for the change in Icqi in the circuit of Fig. 5-10, in 

terms of the six variables Icbo\' ^cboi^ ^BEQi^ ^beqi^Pi^ Pi- (^) Use /^gi as found in 
Problem 5.17 to evaluate the sensitivity factors (that is, the coefficients) in the expression deter- 
mined in part a. 

(a) Since Icqi = /(Icbou ^cboI' Vbeqi, Vbeqi, Pi, Pi), its total differential is given by 



dl^Ql ^^CQl ^^CQl 

dIcQl = dIcBOl + dIcBOl + TTfT dVsEQl 

oJcRm oicRm or i 



BEQl 



Using the method of Section 5.3, we may write this as 

^IcQl ^ Sii A/c_soi + Si2 ^IcB02 + Syi h VbeQI + •S(/2 ^ ^BEQl + Spi A/jj + 5^2 ^Pl {2) 

(b) The sensitivity factors in (1) may be evaluated with the use of (5) of Problem 5.17: 

dIcQi _ Rf + PiRe 



Sn ■ 

Si2 ■ 



SIcBOl ^f/Pi + Pll^E 

3IcQl _ —Pl^E 
3tcB02 Rf/Pi+PlJ^E 

d^BEQl Rf/Pi+PiRe ^^BEQl 

g _ dIcQi _ I^fWcc ~ Vbeqi ~ ^^^£62 + ^cboi(Rf + PiRe) ~ IcboiPiRe] 

^'~"9A"~ {RF+P,P2REf 

^ _ 3^cg2 _ PiRe{Rf{Icbo\ — IcBOl) — P\(Vcc — Vbeqi — Vbeqi + Icboi^f)] 

^ ~W ~ (Rf + PiPiRe? 



5.19 It is possible that variations in passive components will have an effect on transistor bias. In the 
circuit of Fig. 3-8(a), let R\ = Rc = 500 i?2 = 5 k^, Re = 100 ± 10 y6 = 75, Icbo = 0.2 M, 
Vcc = 20 V. (a) Find an expression for the change in I^g due to a change in R^ alone. 
(b) Predict the change that will occur in Icq as Re changes from the minimum to the maximum 
allowable value. 

(a) We seek a stability factor 

'^Ico 

Sre = such that A/cg ^ Sre AR^ 

oRe 

Starting with I^q as given by (5.7), we find 

_ dIcQ _ P(Rb + PRe)Icbo - P^[Vbb — VbEQ + IcBoi^B + I^e)] 

"^'dRE^ (Rb + PRe? 

_ P^B^CBO — P^(Vbb — Vbeq + ^cbo^b) 
~ {Rb + PRe? 
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(h) We first need to evaluate S^e at = 100 - 10 = 90 S2: 
Rji = RiWRi = 454.5 5^ 

Vbb^—^ — — 1.818 V 

Ri + R2 5500 

75(454.5X0.2 x 10"'') - (75)^[1.818 - 0.7 + (0.2 x 10-'^)(454.5)] 

and Ske = ^ , — —2 



(454.5 + 75 X 90)^ 



= -1.212 X 10"''A/f2 



Then AIcq = Sre ^J^e = (-1-212 x 10"'')(110 - 90) = -2.424mA 



5.20 The circuit of Fig. 5-11 inclvides nonlinear diode compensation for variations in V^^q. 
(a) Neglecting Icsoy find an expression for Icq that is a function of the temperature-sensitive 
variables fi, V^eq, and Vjy. (b) Show that if F^^g and Vjy are equal, then the sensitivity of Iqq to 
changes in Vg^Q is zero, (c) Show that it is not necessary that Vg^Q = but only (and less 
restrictively) that dVg^Q/dT = dVjj/dT, to ensure the insensitivity oi Icq to temperature T. 




Fig. 5-11 

(a) The usual Thevenin equivalent can be used to replace the R\-R2 voltage divider. Then, by KVL, 

^BB ~ RbIbQ + VbeQ + IeqJ^E — 

Substitution of Ibq — Icq/ P and /^-g — IcgiP + 1)//S into (/) and rearranging yield 

, _PlyBB-iVBEQ-VD)] 

(h) From (2) it is apparent that if Vu = Vbeq^ then I^q is independent of variations in Vbeq- 
(c) If p is independent of temperature, differentiation of (2) with respect to T results in 



dIcQ 



( dVp 
\dT 



dV, 



beq 



dT Rb + {P+ 1)Re V dT dT 
Hence, if dVo/dT = dYsEQ/dT, Icq is insensitive to temperature. 



5.21 For the diode compensated circuit of Fig. 5-11, Vcc = 15 V, K^-^ = 4 V, i?i = 100 S^, R2 = 20k^, 
Rc = 15 = 200 f2, and Rj) = 2kQ,. Use SPICE methods to show that the collector current 

Icq is reasonably insensitive to change in operating point temperature. Assume that the tran- 
sistor is the device of Example 5.9 and that the diode is adequately described by the SPICE 
default model. 
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Prb5_21 . CIR 
VCC 2 0 15V 
VEE 0 7 4V 
VIC 3 4 OV 
Rl 1 0 lOOohm 
R2 2 1 20kohm 
RC 2 3 15kohm 
RE 5 6 200ohin 
RD 6 7 2kohm 
D 0 6 DMOD 
Q 4 1 5 QNPNG 
.MODEL DMOD D( ) 

.MODEL QNPNG NPN{ Is=10f A Ikf = 150mA Isc = 10f A Bf = 150 

+ Br = 3 Rb=lohm Rc = lohm Va=75V Cjc = 10pF Cje = 15pF) 

.DC TEMP 25 125 5 

.PROBE 

.END 



After executing (Prb5_21.CIR), the plots of Fig. 5-12 can be generated showing that over the temperature 
range of 25 to 125°C, the quiescent collector current Icq changes by only 7.1 percent. Over the same 
temperature range, K^^g changes by 42.2 percent. To fully appreciate the temperature stabilization 
attained, one can edit the netlist code to replace the diode D by a. 400 resistor. This change results in 
approximately the same quiescent point for normal operating temperature but will show that Icq increases 
by more than 130 percent over the temperature range of 0 to 125°C. 



800 mV-| 

1 (0.64 V). 




Fig. 5-12 Fig. 5-13 



5.22 The circuit of Fig. 5-13 includes nonlinear diode compensation for variations in Icbo- («) Find 
an expression for Icq as a function of the temperature-sensitive variables Vg^Q, /J, Icbo^ ^nd V[,. 
(b) What conditions will render Icq insensitive to changes in /cbo? 

(a) By KVL, 



^BB — UbQ + 1d)Rb + ^^BEQ + ^EqJ^E 
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Substitution for /^g and Igq via (5.5) and (5.(5) and rearranging give 

, _ Vbb — Vbeq + IcBo(J^B + ^e) — Id^b , „ 

''^ - RbIP + Re 

(b) According to (i), if Rg 2> Re and Ij, = Icbo^ then I^q is, in essence, independent of Icbo- 



5.23 Show that if a second identical diode is placed in series with the diode of Example 5.8 (see Fig. 
5-2), and if Rg is made eqtial in value to Rb, then the collector current {Icq ^ Ieq) displays zero 
sensitivity to temperature changes that affect Vbeq- Make the reasonable assumption that 

dVo/dT = dVBEQ/dT. 

The equation we found for Icq in Example 5.8 describes Icq in this problem if Vd is replaced by IVd; 
that gives 

J ^ (VbbRd + 2 yDRB)/(RD + Rb) - Vbeq 
(2Ro\\Rs)/fi+RE 

Assuming that only Vbeq and Vo are temperature dependent, we have 

dIcQ ^ Rd + Rb ai dT 
dT (2Ro\\Rb)/P + Re 

With dVj)/dT = dVgEQ/dT and Rb = Rd^ {2) reduces to zero, indicating that Icq is not a function of 
temperature. 



5.24 A JFET for which {4.2) holds is biased by the voltage-divider arrangement of Fig. 4-5. {a) Find 

I[)Q as a function of Idss, V^q, and F^g. {h) Find the total differential of Idq, and make 
reasonable linearity assumptions that allow you to replace differentials with increments so as 
to find an expression analogous to (5.75) for the JFET. 

(a) We use (4.4) to find an expression for Vqsq and then use (4.2) to obtain 

/.fi=/...fi+-'^^^^^^V (1) 



V, 



pO 



which we can solve for I^q-. 



Rs 2^|/^,v.s- 2_RJ y \IdssJ Id. 



(2) 



(b) Since VggQ depends upon the bias network chosen, our result will have more general application if we 
take the differential of (4.2) and then speciaUze it to the case at hand, instead of taking the differential of 
(2). Assuming that Idss^ VpOt and Vosq are the independent variables, we have, for the total differ- 
ential of (4.2), 

dloQ = §^ dl,ss + dV^ + §^ dVasQ (3) 

For the case at hand, Vqsq is given by (4.4), from which 

dVasQ = -RsdloQ (4) 
Substituting (4) into (3) and rearranging, we find 

„ _ ^IdqI^Idss ,j . 9iDQ/dVpo 
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The assumption of linearity allows us to replace the ditferentials in (J) with increments and define 
appropriate stability factors: 

AIoq'^ S,AIoss + SvAVpa (6) 

' 1 + RsdIoQia Vgsq 1 + (2RsIdss/ K„o)(1 + Vasg/ y,^) ^ 
dlpg/SIpss ^ -2lDssii+VGSQ/Vpo)iVGSQ/vjo) 

" I + RsdlDQ/dVGSQ ^+i2RslDSs/ypo)a+yGSQ/ypo) ^ 



5.25 The JFET of Fig. 4-5(6) is said to have fixed bias if = 0. The worst-case shorted-gate 
parameters are given by the manufacturer of the device as 



Value 


^DSS, niA 




maximum 
minimum 


8 
4 


6 
3 



Let Vj)j) = 15 V, Vqq = —1 V, and = 2.5 k^^. (a) Find the range of values of Ij)q that could 
be expected in using this FET. (h) Find the corresponding range of V^^q. (c) Comment on the 
desirability of this bias arrangement. 

(a) The maximum and minimum transfer characteristics are plotted in Fig. 5-14, based on (4.2). Because 
Vqsq = Vqg = —IV is a fixed quantity unaffected by Ijyq and VosQy the transfer bias hne extends 
vertically at Vcs = — 1, as shown. Its intersections with the two transfer characteristics give 
^ogmax 5.5 mA and loQmm ^ 1.3 mA. 







if), mA 


Transfer bias line . 
Problem 5.25 \. 




-8 






- 7 






- 6 






- 5 


Transfer bias line —7 / 
Problem 5.48 / / 




- 4 

- 3 


' 1 y'^Bgrnax 

2000 




-2 


— 1 1 




^DQmm 
-— ^ 1 



-6 -5 -4 -3-2-10 1 2 



Fig. 5-14 

(h) For — /flgmax, KVL requires that 

VosQm.. = Vdd - lDQm..RD = 15 - (5.5)(2.5) = 1.25V 

And, for iDQmin, 

VDSQmm = Vnn - iDQ^nRo = 15 - (1.3)(2.5) = 11.75 V 
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(c) The spread in FET parameters (and thus in transfer characteristics) makes the fixed-bias technique an 
undesirable one: The value of the 2-point drain current can vary from near the ohmic region to near the 
cutoff region. 



5.26 The self-biased JFET of Fig. 4-19 has a set of worst-case shorted-gate parameters that yield the 
plots of Fig. 5-15. Let Vod = 24 V, = 3kQ, Rg = 1 kS^, and R^ = lOMS^. (a) Find the 
range of I^q that can be expected, (h) Find the range of Vd^q that can be expected, (c) Discuss 
the idea of reducing I^q variation by increasing the value of Rs- 

(a) Since Vca = 0, the transfer bias line must pass through the origin of the transfer characteristics plot, 
and its slope is — l/Rs (solid hne in Fig. 5-15). From the intersections of the transfer bias hne and the 
transfer characteristics, we see that //jgmax ^ 2.5 mA and /ogn,i„ ^ 1.2mA. 

. mA 




-6 -5 -4 -3 -2 -1 0 



Fig. 5-15 

(h) For = IdQiuhxj KVL requires that 

VnsQm.. = Vdd - iDQmARs + Rd) = 24 - (2.5)(1 + 3) = 14V 

And, for loQmm, 

Vdsq^.. = Vdd " /«emm(«,s + Rd) = 24- (1.2)(1 + 3) = 19.2 V 

(c) The transfer bias lines for R^ — 2 kQ and 3 kQ are also plotted on Fig. 5-15 (dashed lines). An increase 
in Rg obviously does decrease the difference between /cgmax ind loQmin'^ however, in the process /^g is 
reduced to quite low values, so that operation is on the nonlinear portion of the drain characteristics 
near the ohmic region where appreciable signal distortion results. But if self-bias with an external 
source is utilized (see Problems 5.27 and 5.48), the transfer bias line can be given a small negative slope 
without forcing /^g to approach zero. 



5.27 In the JFET circuit of Fig. 4-5(fl), using self-bias with an external source, Vj)d = 24V and 
i?5 = 3kfi. The JFET is characterized by worst-case shorted-gate parameters that result in 
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the transfer characteristics of Fig. 5-16. (a) Find the range of Ioq that can be expected if 
Ri = IMQ. and i?2 = 3Mn. (h) Find the range of Ij^q that can be expected if i?, = 1 M^^ 
and i?2 = 7 MQ. (c) Discuss the significance of the results of parts a and h. 



Id, niA 




-6 -4 -2 0 2 4 6 



Fig. 5-16 



(a) By(4.3X 

Voa = — ^' — = — *— 24 = 6V 
°° Ri+Ro 1 + 3 

In this case the transfer bias line, shown on Fig. 5-16, has abscissa intercept vqs — Vqq = 6 V and slope 
— \/Rs. The range of /^g is determined by the intersections of the transfer bias line and the transfer 
characteristics: IcQm^y. ^ 2.8 mA and IcQmrn ^ 2.2 mA. 
(/)) Again by (43), 

Kc6=Y^24 = 3V 

The transfer bias line for this case is also drawn on Fig. 5-16; it has abscissa intercept v^g — Vqq = 3 V 
and slope — l/Rg. Here loQmux ^ 1.9 mA and /cgmin ^ 1.3 mA. 
(c) We changed Vqq by altering the R\-R2 voltage divider. This allowed us to maintain a small negative 
slope on the transfer bias line (and, thus, a small difference /ogmax ~ ^DQmm) while shifting the range of 
Idq- 



5.28 The MOSFET of Fig. 4-18 is an enhancement-mode device with worst-case shorted-gate para- 
meters as follows: 



Value 


/fl(on), mA 


Vt, V 


maximum 
minimum 


8 
4 


4 

2 
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These parameter values lead to the transfer characteristics of Fig. 5-17 because the device may be 
assumed to obey (4.6). Let = 24 V, i?, = 2 MQ, R2 = 2 MQ, Rd = 1 k^, and Rg = 2 k^. 
(a) Find the range of I^q that can be expected, (h) Find the range of Vjjsq to be expected, 
(c) Discuss a technique, suggested by parts a and h, for minimizing the range of Idq for this 
model of MOSFET. 



/£), mA 



^DQ max 



Transfer bias line 



0 h 



H 1 1- 



H 1— ==^1 h 



■ "GS, V 



Fig. 5-17 



(a) By (4.3), 

^GG = — ^DD = 24 = 12V 

The transfer bias line, with abscissa intercept vgs = Vgg = 12 V and slope —l/Rg, is drawn on Fig. 
5-17. From the intersections of the transfer bias line with the transfer characteristics, we see that 
-'oeraax ^ 4mA and loQmm ^ 2.8mA. 

(b) Vdsqu,.. = Vdd - lDQnr.ARs + Rd) = 24- (4)(2 + 1) = 12 V 
Vdsqu^^u = Vdd - lDQn.JRs + Rd) = 24- (2.8)(2 + 1) = 15.6V 

(c) As in the case of the JFET, the range of Idq can be decreased by increasing R<;. However, to avoid 
undesirably small values for I^q, it is also necessary to increase Vqg by altering the R[-R2 voltage- 
divider ratio. 



Supplementary Problems 



5.29 In the constant-base-current-biased amplifier of Fig. 3-13, Vcc = Rc — 2. 5kQ, Rj; — 500 Q, and 
Rb = 500 kf2. IcBo 0 for the Si device. Find Icq and K„g if (a) ^ = 100 and (h) p = 50. 
Ans. (a) 2.6mA, 7.19V; (A) 1.36mA, 11.09V 



5.30 Under what condition will the bias current Icq of the amplifier in Fig. 3-14 be practically independent of /J? 
Is this condition practical? 

An.i. Rji/P <SC Re- It is not practical, as a value of Rg large enough to properly limit IgQ leads, through the 
condition, to a value of R^ so large that it forces cutoff. 
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5.31 The amplifier of Fig. 5-13 uses a Si transistor for which Let F^c = 15 V, i?c = 2.5kf2, 

Re = 500 C2, and Rg = 500 kf2. (a) Find the value of the /3 sensitivity factor = 3IcQ/dP for P = 50. 
(b) Use Sf, to predict Icq when p = 100. 

Ans. (a) (RB + RE)(Vcc-VBEQy^^B + iP+i^)REf; (6) 2.65mA (compare with the result of Problem 

5.29) 



5.32 (a) Solve Problem 3.28(a) if /8 = 75 and all else is unchanged, {b) Use the P sensitivity factor found in 
Problem 5.10 to predict the change in I^q when fS changes from 110 to 75. 
Ans. (a) Icq = 4.77 mA; (b) S/, = 3.643 x 10"^ AIcq = -0.127 mA 



5.33 In the shunt-feedback-biased amphfler of Fig. 3-17, Vcc = 15 V, i?c = 2ka,Rp = ISOkQJcm ^0, and 
the transistor is a Si device, (a) Find an expression for the P sensitivity factor S^. (b) Use to predict the 
change in quiescent collector current due to a change in p from 50 to 100. 

An.s. (a) Sf, = (R, + Rc)( Vcc - Vbeq)/[Rf + (P+ mcf ; (b) = 3.432 x 10-^ AIcq = 1-71 mA 
(compare with Example 5.4) 



5.34 In the CB amplifier of Fig. 3-23, Vcc = 15 V, V^e = 5 V, R^ = 3kQ, Rc = 7 kQ, and ^ = 50. (a) Find an 
expression for the p sensitivity factor S^. (b) Evaluate Sp assuming the transistor is a Si device. 
Ans. (a) Sp = {Vee - VBEQ)/(P+lfRE\ (b) = 5.51 x 10"' (very low sensitivity, but see Problem 
5.8) 



5.35 The circuit of Fig. 5-1 has the values given in Problem 5.1 1; assume that the initial values of Icbo "ind Vg^g 
are for 25°C. (a) Find an expression for the value of Icq at any temperature T2 > 25°C if the transistor is a 
Si device, (b) Evaluate the expression for Icq at T2 = 125°C. 

, ^ r Vbb- 0.7 -I- 0.002(r2 - 25) + (0.5 x 10-')(i?5 -I- Re)!^'^'''^^'^" 

Ans. (a) Icn = ; -, ; ; 

^ (RbIP + Re) 

(h) Icq = 18.97 mA 



5.36 The constant-base-current-biased amplifier of Fig. 5-7 contains a Si transistor. Let Vcc = 15 V, 
Rc = 2.5 kQ, Re = 500Q,R,, = 500 kQ, and y8 = 100. At 25°C, Icbo = 0.5 /xA and Vbeq = 0.7 V. 
(a) Find the exact change in Icq if the temperature changes to 100°C. (b) Use the stabiUty factors 
developed in Problem 5.13 to predict AIcq for a temperature increase to 100°C. 
Ans. (a) AIcq = IcQi - Icq\ = 10.864 - 2.645 = 8.219 mA; {b) AIcq = 8-22 mA 



5.37 In the constant-base-current-biased amplifier of Fig. 5-7, the Si transistor is characterized by Icbo = 0-5 /xA 
and = 0.7Vat25°C. (a) Find an expression for /^g at any temperature r2 > 25°C. (b) Evaluate /pg 
at 100°C if Vcc = ISY, Rc = 2.5kQ, Re = 500 Q,Ri, = 500kn, and /8= 100. 

A / . 7 Vcc -0.7 + 0.002(r2 - 25) -I- (0.5 x 10"*)(i?6 -I- Re)!'-'^^'^^'^" 
{b) Icq = 10.864 mA 



5.38 In the current-feedback-biased amplifier of Fig. 5-8, Vcc = Rc = l.5kQ, Rp = l50kQ, Re = 500S2, 
and P = 100. Icbo = 0.2 /iA and Vbeq ~ 0.7 V at 25°C for this Si transistor, (a) Find the exact change in 
Icq when the temperature changes to 125°C. (h) Use the stability factors developed in Problem 5.14 to 
predict A/cg when the temperature is 125°C. Ans. (a) A/^g = 8.943 mA; (b) A/cg = 8.943 mA 



5.39 The shunt-feedback-biased amphfler of Fig. 5-8 uses a Si transistor for which Icbo ~ 0-2 iiA and 
Vbeq = 0.7 V at 25°C. (a) Find an expression for Icq at any temperature T2 > 25°C. (b) Evaluate Icq 
at T2 = 125°C if Fee = 15 V, Rc = i-5kQ, Rp = I50kn, Re = 500Q, and j9= 100. 

. ^ , Vcc- 0.7 -I- 0.002(r2 - 25) + (0.2 x 10-*)(i?e + Rf + Re)2P'^~'^^^'^^ 

^"^''^^ = ReIP+Rc + Re ' 

(b) Icq = 13.037 mA 
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5.40 In the CB amplifier of Fig. 5-9, Vcc = 15 V, V^j, = 5 V, i?^ = 3 kQ, Rc = 7 kQ, and (S = 50. For the Si 
transistor, Icbo = 0-5 fi^ and Vg^Q = 0.7 V at 25°C. (a) Find the exact change in I^q when the tempera- 
ture changes to 125°C. (b) Use the stability factors developed in Problem 5.15 to predict A/^g for the same 
temperature change. Ans. (a) A/cg = 2.042 - 1.4625 = 0.5795 mA; (6) A/cg = 0.5769 mA 



5.41 Sensitivity analysis can be extended to handle uncertainties in power-supply voltage. In the circuit of 
Fig. 3-8(a), let Ri ^ Rc ^ SOOQ, Ri^SkQ, = 100^2, ^ = 75, Kg£g = 0.7V, /cfio = 0.2/iA, and 
Vcc = 20 ± 2 V. (a) Find an expression for the change in Icq due to changes in Vcc alone, (b) Predict 
the change in Icq as Vcc changes from its minimum to its maximum value. 

Ans. (a) AIcQ = Svcc^Vcc, ■where Syce = mi/(Ri+R2W[RB + (f+mE]; A/cg = 3.428mA 



5.42 In the circuit of Fig. 5-11, = = 500f2, = 5kQ, = 100S2,^ = 75, and Kcc = 20 V. Leakage 
current is negligible. At 25°C, Vbeq ~ 0.7 V and V[, — 0.65 V; however, both change at a rate of — 2mV/°C. 
(a) Find the exact change in Icq due to an increase in temperature to 125°C. (b) Use sensitivity-analysis to 
predict the change in Icq when the temperature increases to 125°C. 
Ans. (a) AIcQ = 0; (b) A/cg = 0 



5.43 In Problem 5.24, it was assumed that Vqo, and hence Vj,j), was constant. Suppose now that the power- 
supply voltage does vary, and find an expression for A/gg using stabiUty factors. 
Ans. AIoQ ^ Si AIoss + SyAVpo + Syce ^ ^gg, where 

dlpQ/dVasQ ^ (2Idss/Vi^){1 + Vgsq/Vpo) 
1 + Rs dIoQ/dVasQ 1 + i2RslDss/Vi^)ii + Vosq/V^^) 

and Sj and Sy are given by (7) and (8) of Problem 5.24. 



5.44 The MOSFET of Fig. 4-18 is characterized by = 4 V and /^(on) = 10mA. The device obeys (4.6). Let 
io f« 0, = 0.4 MQ. R2^5 kQ, Rg = 0, Rp = 2 kQ, and Vod = 20 V. (a) Find the exact change in I^q 
when the MOSFET is replaced with a new device characterized by V^ — 3.8 V and /z)(on) = 9mA. (b) Find 
the change in Iqq predicted by sensitivity analysis when the original device is replaced as in part a. 
Ans. (a) A/Bg = 2.836 -3.402 = -0.566 mA; (Z)) A/og = -0.548 mA 



5.45 The circuit of Fig. 4-18 uses MOSFETs characterized by the device model of Example 4.6 except that Vr can 

vary ±10 percent from the nominal value of 4V among different batches of MOSFETs. Use SPICE 
methods to determine the maximum change of Ijjq from the nominal value that can be expected. (Netlist 
code available at author website.) Ans. A/^jg = 0.689 mA for Vj- = 3.6 V 



5.46 In the JFET amplifier of Fig. 4-5, Voj, = 20 V, iii = 1 MQ, R2 = 15.7 Mf2, Rj, = ikQ, Rg = 2kf2, and 
ig ^ 0. The JFET obeys (4.2) and is characterized by Idss = 5 mA and Fpo = 5 V. Due to aging, the 
resistance of i?i increases by 20 percent, (a) Find the exact change in /^g due to the increase in resistance. 
(b) Predict the change in I^q due to the increase in resistance, using sensitivity analysis. 
Ans. (a) AIoQ = 1 .735 - 1 .658 = 0.077 mA; {b) AI^q = Syoo A Vgo = 0.0776 mA 



5.47 For a FET, the temperature dependence of Vqsq is very small when I^q is held constant. Moreover, for 
constant V^sq, the temperature dependency of Vqsq is primarily due to changes in the shorted-gate current; 
those changes are given by 

lDss = lDssoikAT+\.l) (I) 

where losso = value of I[,gg at 0°C 

AT = change in temperature from 0°C 
k = constant (typically 0.003°C"') 
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For the JFET of Fig. 4-5; Vpn = 20Y, R, ^ IMQ, R2 ^ 15 J MQ, Rj, ^ 3kQ, Rs ^ 2kQ, 0, 
//)S5o = 5mA, and Fpo = 5V (and is temperature-independent). (a) Find the exact value of Idq at 
100°C. (b) Use sensitivity analysis to predict Idq at 100°C. 
A?ts. (a) Idq = 1.82 mA; {b) Idq = 1.84 mA 

Solve parts a and b of Problem 5.25 if Rs = 2kS2, Vqq — 1 V, and all else remains unchanged. 

Ans. (a) The transfer bias line is drawn on Fig. 5-14: /zjgmax ^ 2mA, Idqwir ^ 1.1 mA; (b) Kosgmax ^ 

6V,Fflse^„«^ 10.05 V 



Small-Signal 
Midfrequenq^ BJT 

Amplifiers 



6.1. INTRODUCTION 

For sufficiently small emitter-collector voltage and current excursions about the quiescent point 
{small signals), the BJT is considered linear; it may then be replaced with any of several two-port 
networks of impedances and controlled sources (called small-signal equivalent-circuit models), to which 
standard network analysis methods are applicable. Moreover, there is a range of signal frequencies 
which are large enovigh so that couphng or bypass capacitors (see Section 3.7) can be considered short 
circuits, yet low enough so that inherent capacitive reactances associated with BJTs can be considered 
open circuits. In this chapter, all BJT voltage and current signals are assumed to be in this midfrequency 
range. 

In practice, the design of small-signal amplifiers is divided into two parts: (1) setting the dc bias or Q 
point (Chapters 3 and 5), and (2) determining voltage- or current-gain ratios and impedance values at 
signal frequencies. 



6.2. HYBRID-PARAMETER MODELS 

General hybrid-parameter analysis of two-port networks was introduced in Section 1.7. Actually, 
different sets of h parameters are defined, depending on which element of the transistor (E, B, or C) 
shares a common point with the amplifier input and output terminals. 

Common-Emitter Transistor Connection 

From Fig. 3-3(A) and (c), we see that if ;<-■ and are taken as dependent variables in the CE 
transistor configuration, then 



^BE =f\(iB^VcE) 
ic =f2(iB'VcE) 



(6.1) 
{6.2) 
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If the total emitter-to-base voltage v^e goes through only small excursions (ac signals) about the Q point, 
then Afg£- = vi,^, Ai^ = ic, and so on. Therefore, after applying the chain rule to {6.1) and (6.2), we 
have, respectively. 



Vhe = ^Vbe^ dVBE 

= Aic ~ die 



dVBE 

dig 



die 
din 



die 



hi + „ 



(6.3) 
(6.4) 



The four partial derivatives, evaluated at the Q point, that occur in (6.3) and (6.4) are called CE hybrid 
parameters and are denoted as follows: 



Input resistance hj^ 

Reverse voltage ratio /j„ 

Forward current gain hf^ 

Output admittance h„e 



dv 



BE 



dijj 



dVcE 
die 

dig 
die 

dVcE 



Q ^-"CE 



Q 

e ^-"CE 



(6.5) 
(6.6) 
(6.7) 
(6.8) 



Q 



The equivalent circuit for (6.3) and (6.4) is shown in Fig. 6-1 (a). The circuit is valid for use with 
signals whose excursion about the Q point is sufficiently small so that the h parameters may be treated as 
constants. 



hie 



h„V„ 



<fe'b 



{a) CE small-signal equivalent circuit 




(b) CB small-signal equivalent circuit 
Fig. 6-1 



Common-Base Transistor Connection 

If Veb and ic are taken as the dependent variables for the CB transistor characteristics of Fig. 'i-2(b) 
and (c), then, as in the CE case, equations can be found specifically for small excursions about the Q 
point. The results are 

Veh = I'ihie + KhVch (6-9) 

ic = hjbie + hohVch {6.10) 
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The partial-derivative definitions of the CB /7-parameters are: 

dlE 



Input resistance hu, 
Reverse voltage ratio h^f, 



Avp, 



Forward current gain hn, 



Output admittance 



dVcB 
die 

diE 
die 

dVcB 



Q 



Q 



Me 

AVCB 

Aic 
AiE 
^ Aic 

AVcB 



(6.11) 
(6.12) 
(6.13) 
(6.14) 



Q 



A small-signal, /(-parameter equivalent circuit satisfying (6.9) and (6.10) is shown in Fig. 6-l(b) 

Common-Collector Amplifier 

The common-collector (CC) or emitter-follower (EF) amplifier, with the universal bias circuitry of 
Fig. 6-2(a), can be modeled for small-signal ac analysis by replacing the CE-connected transistor with its 
/7-parameter model. Fig. 6-1 (a). Assuming, for simplicity, that h,.^ = = 0, we obtain the equivalent 
circuit of Fig. 6-2(h). 



-VSAr- 









•i ' 


















. ] 


- 



17 



+ 



(a) 



ib) 




(c) 



Fig. 6-2 CC amplifier 



An even simpler model can be obtained by finding a Thevenin equivalent for the circuit to the right 
of a, a in Fig. 6-2(h). Application of KVL around the outer loop gives 

V = ihhie + ie^E + hhie + (hfc + ^VhRE {6-15) 



The Thevenin impedance is the driving-point impedance: 

Rn =- = hi, + (hf, + 1)Re 



(6.16) 
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The Thevenin voltage is zero (computed with terminals a, a open); thus, the equivalent circuit consists 
only of Rj-k- This is shown, in a base-current frame of reference, in Fig. 6-2(c). (See Problem 6.13 for a 
development of the CC /z-parameter model.) 



6.3. TEE-EQUIVALENT CIRCUIT 

The tee-equivalent circuit or r-parameter model is a circuit realization based on the z parameters of 
Chapter 1. Applying the z-parameter definitions of {LIO) to {L13) to the CB small-signal equivalent 
circuit of Fig. 6-\{b) leads to 

zn=hik--r^ {6.17) 
Kb 

zi2 = ^ {6.18) 

Kb 

^21 = -^ {6.19) 

Kb 

^22 = {6.20) 

Kb 

(See Problem 6.17.) Substitution of these z parameters into {1.8) and (7.9) yields 

/, KbKh\ ■ , Kh . in 

Veb = [Kb - -^f- p^Kl ^ ^ 

Vcb = -^ie + ^{-ic) {6.22) 

Kb Kb 



If we now define 



r, = ^ {6.23) 

Kb 

r, = Kb-Y^{^ + hfl,) {6.24) 

_ i-Kb 
Kb 

I Kb + Kb 



i-k 



rb 



then {6.21) and {6.22) can be written 



{6.25) 
{6.26) 



Veb = {fe + fb)ie - {6-27) 

and = {a'r, + ri,)i, - {r^ + r,)i, {6.28) 

Typically, —0.9 > h^j, > —\ and 0 < Kb ^ 1- Letting h,i, ^O 'm {6.26), comparing {6.13) with (5.7) while 
neglecting thermally generated leakage currents, and assuming that hpg = hfl, (which is a vahd assump- 
tion except near the boundary of active-region operation) result in 

a' ~ —hf}, = a {6.29) 

Then the tee-equivalent circuit or r-parameter model for CB operation is that shown in Fig. 6-3. (See 
Problems 6.3 and 6.5 for r-parameter models for the CE and CC configurations, respectively.) 
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6.4. CONVERSION OF PARAMETERS 

Transistor manufacturers typically specify hp^ (~ hf^) and a set of input characteristics and collector 
characteristics for either CE or CB connection. Thus the necessity arises for conversion of /; parameters 
among the CE, CB, and CC configurations or for calculation of r parameters from h parameters. 
Formulas can be developed to allow ready conversion from a known parameter set to a desired para- 
meter set. 



Example 6.1. Apply KVL and KCL to Fig. 6-\(a) to obtain v^i, — g\(ii,, iva) 'ind 4 — g2(ie, ""eh)- Compare these 
equations with (6.9) and (6.10) to find the CB h parameters in terms of the CE /; parameters. Use the typically 
reasonable approximations h„ <SC 1 and hf,, + \ ^ hiehoe to simplify the computations and results. 
KVL around the E, B loop of Fig. 6- 1(a) (with assumed current directions reversed) yields 



•"eh = -hiJh - hrcVct 



But KCL at node E requires that 



or 



-'h = 



"4 ~ 4 — ~4 ~ lifeh ~ ho 

1 h 

L + - 



hfr + l ' hf, + 1 
In addition, KVL requires that 

ii„ = v,i, - v,i, 

Substituting (6.31) and (6.32) into (6.30) and rearranging give 

(i-/j„)(V + i) + M, 



hie . , [ KK , \ 



Use of the given approximations reduces the coefficient of ii^;, in (6.33) to unity, so that 

h. 



hfe+ 1 



.h,.. + 1 



Now KCL at node C of Fig. 6-l(c() (again with assumed current directions reversed) yields 
Substituting (6.31), (6.32), and (6.34) into (6.35) and solving for give 



[hfe + 1 (hfe + l)\ 

Use of the given approximations then leads to 



hjeK h„ + 1 
(hfe + 1)' + 1 



ie+- 



(6.30) 

(6.31) 
(6.32) 

(6.33) 

(6.34) 
(6.35) 

(6.36) 
(6.37) 
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Comparing (6.34) with (6.9) and (6.37) with (6.10), we see that 



= (6.38) 
hfo + 1 

/)■ /; 



V + 1 

hfe 

' hfc + 1 



(6.40) 



Kh = j\t (6.41) 



6.5. MEASURES OF AMPLIFIER GOODNESS 

Amplifiers are usually designed to emphasize one or more of the following interrelated performance 
characteristics, whose quantitative measures of goodness are defined in terms of the quantities of Fig. 6-4: 

1. Current amplification, measured by the current-gain ratio Aj = ig/im- 

2. Voltage amplification, measured by the voltage-gain ratio y4„ = Wo/I'm- 

3. Power amplification, measured by the ratio Ap = A,,Ai = Vgio/iJi^. 

4. Phase shift of signals, measured by the phase angle of the frequency-domain ratio A,,(ja>) or 

5. Impedance match or change, measured by the input impedance Zj^ (the driving-point impedance 
looking into the input port). 

6. Power transfer ability, measured by the output impedance Z,, (the driving-point impedance 
looking into the output port with the load removed). If Z„ = Zj^, the maximum power transfer 
occurs. 




6.6. CE AMPLIFIER ANALYSIS 

A simplified (bias network omitted) CE amplifier is shown in Fig. 6-5(fl), and the associated small- 
signal equivalent circuit in Fig. 6-5(/)). 



Example 6.2. In the CE amplifier of Fig. 6-5(6), let = 1 kS2, h„ = lO""*, hf, = 100, = 12 /l(S, and R^^l kf2. 
(These are typical CE amplifier values.) Find expressions for the (a) current-gain ratio Aj, (h) voltage-gain ratio 
A,„, (c) input impedance Zi„, and (d) output impedance Z„. (e) Evaluate this typical CE amplifier. 



(d) By current division at node C, 
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Fig. 6-5 



and A^^'-^^ = ^-^^ ^=-97.7 (6.43) 

' ih l+h„,Ri, 1 +(12 X 10-'')(2 X 10') ^ ' 

Note that Aj ^ —hje, where the minus sign indicates a 180° phase shift between input and output currents. 
(h) By KVL around B, E mesh, 

""s = '"he = hiJl, + (6.44) 

Ohm's law applied to the output network requires that 

Solving (6.45) for i^, substituting the result into (6.44), and rearranging yield 



v„ hi, + RdhiXc - hfAe) 



. (m(2^l0') (646) 

1 X 103 + (2x 103)[(1 X 103)(12x 10-«)-(100)(l X 10-'')] 

Observe that A.„ ^ —hjj,Ri^/hj,, where the minus sign indicates a 180° phase shift between input and output 
voltages. 

(c) Substituting (6.45) into (6.44) and rearranging yield 



hJy^R^ 3 (1 X 10-^)(100)(2 X 10^) 

Z,„ — — — lie — 7 =1x10 7 T- ~ 980.5 Q (6.47) 

• " l+h„Ri, l + (12x 10-«)(2x 10^) ^ ' 



Note that for typical CE amplifier values, Zi„ ^ /j,^,. 

(d) We deactivate (short) d, and replace R^ with a driving-point source so that vjp = Then, for the input mesh, 
Ohm's law requires that 



hi. 



h = (6.48) 



However, at node C (with, now, — ijp), KCL yields 

4 = Up = hfJh + Kvdp {6.49) 
Using (6.48) in (6.49) and rearranging then yield 

= — = ^ r*-! ^ = 7. ' ^ ^= 500kf2 (6.50) 

° /rf„ h„-hfji,jhi, 12 X 10-^ - (100)(1 X 10-'')/(l X 10^) ^ ' 

The output impedance is increased by feedback due to the presence of the controlled source h^gV^g. 
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(e) Based on the typical values of this example, the characteristics of the CE amplifier can be summarized as 
follows: 

1. Large current gain 

2. Large voltage gain 

3. Large power gain (AjA^) 

4. Current and voltage phase shifts of 180° 

5. Moderate input impedance 

6. Moderate output impedance 



6.7. CB AMPLIFIER ANALYSIS 

A simplified (bias network omitted) CB amplifier is shown in Fig. 6-6(a), and the associated small-signal 
equivalent circuit in Fig. 6-6(b). 

E A 

• AA/« 






(a) (b) 

Fig. 6-6 CB amplifier 



Example 6.3. In the CB amplifier of Fig. 6-6(6), let /j^ = 30 Q., /j^ = 4 x 10"^ hfj, = -0.99, h„,, = 8x 10"' S, and 
Ri^ — 20kQ. (These are typical CB amplifier values.) Find expressions for the (a) current-gain ratio 
(h) voltage-gain ratio A,,, (c) input impedance Zj^, and (d) output impedance Z„. (e) Evaluate this typical 
CE amplifier. 

(a) By direct analogy with Fig. 6-5(h) and (6.43) 

hi,, -0.99 

Ai = - /* = % ^ = 0.974 (6.51) 

^+l'„,,Ri, 1 +(8 X 10-')(20 X 10') ^ ' 

Note that Aj ^ —hf,, < 1, and that the input and output currents are in phase because ly,, < 0. 

(h) By direct analogy with Fig. 6-5(6) and (6.46), 

^ hpJ^L (-0.99)(20 X 10^) ^g^^g 

+ Rdh,Xc - lyAi,) 30 + (20 X 103)[(30)(8 x 10"') - (-0.99)(4 x lO"')] 

Observe that A„ ^ —hf,,Ri/hii,, and the output and input voltages are in phase because hf,, < 0. 

(c) By direct analogy with Fig. 6-5(6) and (6.47) 

^ , KthpRL (4 X 10-'')(-0.99)(20 x 10^^) 

Z\„ — hi, i = 30 = — = 30.08 Q. (6.5s) 

''' \ + Ki,Rl 1 -H (8 X 10-')(20 X 103) ' 

It is apparent that Z|„ ^ /j,^,. 

(d) By analogy with Fig. 6-5(6) and (6.50), 

Z„ = — = = ^- 7 = 1 .07 MQ (6.54) 

" h„,,-h„,h,.Jh„, 8 X 10-' - (-0.99)(4 X 10-«)/30 ^ ' 

Note that Z„ is decreased because of the feedback from the output mesh to the input mesh through h,.,,Vcb. 



CHAP. 6] 



SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 



171 



(e) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as 
follows: 

1 . Current gain of less than 1 

2. High voltage gain 

3. Power gain approximately equal to voltage gain 

4. No phase shift for current or voltage 

5. Small input impedance 

6. Large output impedance 



6.8. CC AMPLIFIER ANALYSIS 

Figure 6-7(fl) shows a CC amplifier with the bias network omitted. The small-signal equivalent 
circuit is drawn in Fig. 6-l{b). 




(") (6) 
Fig. 6-7 CC amplifier 



Example 6.4. In the CC amplifier of Fig. 6-l(h), let /;,-, = 1 kS2, V = 1, /;^, = -101, /;„, = 12^8, and = 2kn. 
Drawing direct analogies with the CE amplifier of Example 6.2, find expressions for the (a) current-gain ratio Ai, 
(b) voltage-gain ratio A^, (c) input impedance Zj^, and (d) output impedance Z„. (e) Evaluate this typical CC 
amplifier. 



(a) In parallel with (6.43), 



A. = = ^ = 98.6 (6.55) 

' l+h„,RL 1 + (12 X 10-^)(2 X 103) ^ ' 



Note that Aj ^ — /i/t, and that the input and output currents are in phase because /jy^ < 0. 
(h) In parallel with (6.46), 

^ ^ hfcRt (-101X2x10^) ^ 

/!,-, + RL(hicKc - hfcK,) 1 X 103 + (2 X jo3)[(i X 103)(12 X 10-^) - (-101)(1)] ' ^ ' ' 

Observe that A.^, ^ 1/(1 — hi^.h„^./hf^.) ^ 1. Since the gain is approximately 1 and the output voltage is in phase 
with the input voltage, this amplifier is commonly called a unity follower. 

(c) In parallel with (6.47), 

" l-HV.«i 1-H(12x 10-6)(2x 103) ^ ' 

Note that Zi„ ^ —hf^/h^^. 

(d) In parallel with (6.50), 

^° ^ /!„, - hfXc/hic ^ 12 X 10-^-(-101)(l)/(l X 103) ^ ^'^ ^ 
Note that Z„ ^ -hijhf^. 
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(e) Based on the typical values of this example, the characteristics of the CB amplifier can be summarized as 
follows: 

1. High current gain 

2. Voltage gain of approximately unity 

3. Power gain approximately equal to current gain 

4. No current or voltage phase shift 

5. Large input impedance 

6. Small output impedance 



6.9. BJT AMPLIFIER ANALYSIS WITH SPICE 

Since SPICE models of the BJT (see Chapter 3) provide the device terminal characteristics, a 
transistor amplifier can be properly biased and a time-varying input signal can be directly applied to 
the completely modeled amplifier circuit. Any desired signal that results can be measured directly in the 
time domain to form signal ratios that yield current and voltage gains. With such modeling, any signal 
distortion that results from nonlinear operation of the BJT is readily apparent from inspection of signal- 
time plots. Such an analysis approach is the analytical equivalent of laboratory operation of the 
amplifier where the time plot of signals is analogous to oscilloscope observation of the ampHfier circuit 
signals. 

SPICE capabilities also lend themselves to BJT amplifier analysis using the small-signal equivalent 
circuits. In such case, the voltage-controlled voltage source (VCVS) and the current-controlled 
current source (CCCS) introduced in Section 1.3 find obvious application in the small-signal equiva- 
lent circuits of the type shown in Fig. 6-1. Either time- varying analysis (.TRAN command statement) 
or sinusoidal steady-state analysis (.AC command statement) can be performed on the small-signal 
equivalent circuit. 

Example 6.5. For the amplifier of Fig. 3-10(a), let Vi = 0.25 sin(2000;r/) V, Vcc = 15 V, CCi = CCz = CC = 

100 /xF, Ri = 6kn, R2 = 50ka, i?^ = = 1 kf2, and i?, = Re = 100 n. The transistor is characterized by the 
model of Problem 5.4. Use SPICE methods to determine the CE hybrid parameters of (6.5) through (6.8) for this 
transistor at the point of operation. 

The netUst code below describes the circuit. 



EX6_5 . CIR 

vi 1 0 SIN(OV 250mV lOkHz) 

Ri 1 2 lOOohm 

CCI 2 3 lOOOuF 

CC2 4 7 lOOOuF 

Rl 3 0 6kohm 

R2 3 6 SOkohm 

RC 6 4 Ikohm 

RE 5 0 lOOohm 

RL 7 0 Ikohm 

VCC 6 0 15V 

Q 4 3 5 QNPNG 

.MODEL QNPNG NPN( Is=10f A Ikf =150mA Isc=10f A Bf =150 

+ Br=3 Rb=lohmRc=lohmVa=75V Cjc=10pF Cje=15pF) 

. TRAN lus 0 . 1ms 

.PROBE 

.END 



After executing (Ex6_5.CIR), the plots of Fig. 6-8 can be generated by use of the Probe feature of PSpice. The 
resulting //-parameter value is indicated on each of the four plots of Fig. 6-8. 
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1.0 K. 



hie=628 Ohm 



□ { M&X(V(3,5) ) -MIN(V(3,5) ) )/{ MAX (IB (Q) ) -MIN (IB (Q) ) ) 
10 




□ ( MAX{V(3,5) ) -MIN(V(3,5) ) )/( MAX (V(4 , 5) ) -MIN (V (4 , 5) ) ) 
150 . 




o (MAX(IC(Q))- MIN(IC(Q)))/( MAX{IB(Q))- MIN(IB(Q))) 

2.0 m_ 




SEL>> I 

°+- 

Ob 50 us 100 us 

□ { MAX(IC(Q))- MIN(IC(Q)))/( MAX(V(4,5))- MIN(V(4,5))) 

Time 



Fig. 6-8 



Example 6.6. For the amplifier of Example 6.5, use SPICE methods to determine (a) the input impedance Z;, 
(b) the current gain Aj, and (c) the voltage gain A^. 

Netlist code that describes the ampKfler circuit follows: 



Ex6_6.CIR 

vi 1 0 AC IV 
Ri 1 2 lOOohm 
CCl 2 3 lOOOuF 
CC2 4 7 lOOOuF 
Rl 3 0 ekohm 
R2 3 6 SOkohm 
RC 6 4 Ikohm 
RE 5 0 lOOohm 
RL 7 0 Ikohm 
VCC 6 0 15V 
Q 4 3 5 QNPNG 

.MODEL QNPNG NPN ( Is = 10f A Ikf = 150mA Isc = 10f A Bf = 150 
+ Br = 3 Rb=lohmRc=lohmVa=75VCjc=10pF Cje=15pF) 
.AC LIN 1 lOOHz lOOHz 

. PRINT AC Vm ( 1 ) Vp ( 1 ) Vm ( 7 ) Vp ( 7 ) 
.PRINT AC Im(Ri) Ip(Ri) Im(RL) IP(RL) 
.END 



(a) Execute (Ex6_6.CIR) and poll the output file to find the values of input voltage and current. Thus, 
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(b) The output file contains the magnitudes and phase angles of the input and output voltages. Hence, 

_ Vm(7)_ 4.649 _ 

\m{l)- 1 - ^-^^^ 

The negative sign accounts for the 180° phase shift [see Vp(7)] of V(7) with respect to V(l). 

(c) The output file values of Ip(Ri) and Ip(RL) show the two signals to be 180° out of phase. The current gain is 



found as 



^ ^ Im(RL) ^ ^ 

Im(Ri) 2.465 x 10"' 



Solved Problems 

6.1 For the CB amplifier of Fig. 3-23, find the voltage-gain ratio A^, = Vi^/vg using the tee-equivalent 
small-signal circviit of Fig. 6-3. 

The small-signal circuit for the amplifier is given by Fig. 6-9. By Ohm's law, 

= = {') 




Fig. 6-9 

Substituting {1) into (6.27) and (6.28) gives, respectively. 



(Rc + Rl)Vl 
RcRl 

(Rc + Rl)vl 



where we also made use of (6.29). Solving (2) for and substituting the result into (3) yield 

r,,(Rc + Rl) 



Vg + - 



Vl = (ar, + /-,,) ■ 



Rc + Rl 



i\, + /-/, 

The voltage-gain ratio follows directly from (4) as 

(ar, + rf,)RcRL 



^ Rc + Rl 



RcR/ 



vs RcRLii-c + '%) + (Rc + - «)'-.'•/, + '-.('A + '-.)] 



{2) 
{3) 
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6.2 Assume that is large enough so that /<, ^ ai^ for the CB amplifier of Fig. 3-23, whose small- 
signal circuit is given by Fig. 6-9. Find an expression for the current-gain ratio A, = i^/i^ and 
evaluate it if = 30 Q, = 300 S2, r,. = 1 Re = 5 k^2, = Rl = 4kS^, and a = 0.99. 

Letting «x ai^ in (6.27) allows us to determine the input resistance Ri^: 

Veb = i^e + rb)ie - rb(aie) 
from which Rm = ^ = fe + i^ — <^yb 



By current division at node E, 



Solving for gives 



Rr 



Re + Rii 



Re 

Current division at node C, again with 4 ^ oti,,, yields 



RE + Rjn . _ RE + re + {l-a)ri, . 



Rc + Rl Rc + Rl 



The current gain is now the ratio of (2) to (7): 

^ iL aRcHRc + Rd ccRcRe 



is lRE + re+(l-a)rt]/R,; (R^ + R^)[Rj^ + r, + (I - a)rt,] 
Substituting the given values results in 

, ^ (0.99)(4 X 10^)(5 X 10^) ^ 

' (4x 103-|-4x 103)[5x 103-|-30-l-(l-0.99)(300)] 



6.3 The transistor of a CE amplifier can be modeled with the tee-equivalent circuit of Fig. 6-3 if the 
base and emitter terminals are interchanged, as shown by Fig. 6- 10(a); however, the controlled 
source is no longer given in terms of a port current — an analytical disadvantage. Show that the 
circuits of Fig. 6-10(6) and (c), where the controlled variable of the dependent source is the input 
current i/,, can be obtained by application of Thevenin's and Norton's theorems to the circuit of 
Fig. 6- 10(a). 

The Thevenin equivalent for the circuit above terminals 1,2 of Fig. 6- 10(a) has 

v,h = arje Z,i, = 

By KCL, 4 = 4 + !*> so that 

Vth = otfJc + oircib (1) 

We recognize that if the Thevenin elements are placed in the network, the first term on the right side of (1) 
must be modeled by using a "negative resistance." The second term represents a controlled vohage source. 
Thus, a modified Thevenin equivalent can be introduced, in which the "negative resistance" is combined 
with Z,i, to give 

v'th = "''Jh = rJh "Z-'th = (1 - «)''< (^) 

With the modified Thevenin elements of (2) in position, we obtain Fig. 6-10(6). 

The elements of the Norton equivalent circuit can be determined directly from (2) as 

1 7/ ^ J ""'ill "I'ck „. 

J iV ^th ~ "''^c 



The elements of {3) give the circuit of Fig. 6-10(c). 
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VNAA- 



1 + 




E 



(c) 

Fig. 6-10 



6.4 Utilize the r-parameter equivalent circuit of Fig. 6-iQ{b) to find the voltage gain ratio A.„ = Vj^/vi 
for the CE amphfier circuit of Fig. 3-10. 

The small-signal equivalent circuit for the amplifier is drawn in Fig. 6-11. After finding the Thevenin 
equivalent for the network to the left of terminals B, E, we may write 




{1) 



Fig. 6-11 



Ohm's law at the output requires that 

RcRl . 

v,.„ — Vi — 
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Applying KVL around the B, E mesh and around the C, E mesh while noting that 4 ~ >c + 4 yields, 
respectively. 



and ii„ = + ;■„,/,, - (1 - a)r,/, = -()■,, - /•„,)4 - [(1 - a);;, + rj;'. 

Equating (7) to (J) and (2) to (4) allows formulation of the system of linear equations 
RbR, \Rb + R, r,(RB + Rd 



rf, + 1\, + 



Rb + RJ Rb 

('■f - I'm) 

from which, by Cramer's rule, 4 — A2/A, where 



A : 



Rb + R, 



Rb 

A2 = (r, - rjvi 



i-h + 'V + 



RbRi 

Rb + R, 



Rb 

(1 -a)r, + i; + 



(l-a)r, + r,+ 



RrR, 



Rc + Rl 



RcRl 

Rr + R, 



Then 



A „ ■- 



(RlWRcVc RlRc r,-r„ 



Rl + Rc a 



(3) 



6.5 The CE tee-equivalent circuit of Fig. 6-10(^1) is suitable for use in the analysis of an EF amplifier if 
the collector and emitter branches are interchanged. Use this technique to calculate (a) the 
voltage-gain ratio A„ = v^/vb and (h) the input impedance for the amplifier of Fig. 3-26(fl). 

(a) The appropriate small-signal equivalent circuit is given in Fig. 6-12. By KVL around the B, C loop, 
with r„ = ar^ (from Problem 6.3), 



Vb = rh'h + '■,,,4 + (1 - o')'V(4 - 4) = ('■* + 'V)4 - (1 - «)''c4 




Fig. 6-12 

Apphcation of KVL around the C, E loop, again with r,„ — or,,, gives 



0 = rj, - rJh - (1 - a)rXii, - 4) + „^^,^t " + 

Re + Rl 



r, + {\- a)r, + 



Rf.Ri. 



Re + Rl 



(2) 



By Cramer's rule applied to the system consisting of {1} and (2), 4, = A2/A, where 



A = (A 
A2 = i-c-v. 



r, + {\ -a)r,+ 



RrRi 



Re + Rl. 



ReRl 
Re + Rl 
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Now, by Ohm's law, 

Ve = (ReWRlK 
Then A 



Re + Rl a 

ReRl'-ARe + Rl) 

r,,[,; + (1 - a)r, + ReRlKRe + Rl)] + rXr^ + ReRlRRe + Rl)] 



(h) The input impedance can be found as Zj^ — RsWi^B/h)- Now, in the system consisting of (1) and (2), 
by Cramer's rule, — Ai/A, where 



Hence, 



+ (1 - a)r, + 



RrRl 



Re + Rl. 



Rb''!, 


[,., + (! a)r,+ ^^'^^ 1 
L Re + RlI 




ReRl \ 
Re + Rl) 


(Rb + '■/,) 


/I \ , ReRl 
['•. + (1 «)'v + ^^_ + ^J 


+ 'V 


( , ^eRl \ 
K'^ Re + Rl) 



6.6 Answer the following questions relating to a CE-connected transistor: (a) How are the input 
characteristics (is versus v^e) alfected if there is neghgible feedback of uc£? ib) What might be 
the effect of a too-small emitter-base junction bias? (c) Suppose the transistor has an infinite 
output impedance; how would that affect the output characteristics? {d) With reference to Fig. 
3-9(6), does the current gain of the transistor increase or decrease as the mode of operation 
approaches saturation from the active region? 

{a) The family of input characteristics degenerates to a single curve — one that is frequently used to approx- 
imate the family. 

(h) If Ibq were so small that operation occurred near the knee of an input characteristic curve, distortion 
would result. 

(f) The slope of the output characteristic curves would be zero in the active region. 
{d) Aic decreases for constant Ai^; hence, the current gain decreases. 



6.7 Use a small-signal /7-parameter equivalent circuit to analyze the amphfier of Fig. 3-10(fl), given 
R^, = R^ = 800 J^, Ri = 0, 7?i = 1.2 kfi, Ro = 2.7 kH, h,, « 0, /v = 100 /xS, hf, = 90, and 
= 200 Q,. Calculate (a) the voltage gain ^„ and {b) the current gain Ai. 

(a) The smah-signal circuit is shown in Fig. 6-13, where Rg = RiR2/(Ri + R2) ~ 831 Q. By current 
division in the collector circuit, 

_. ^ Rc(yh„) . 

Rc{l/h„,) + RE(l/h„,) + RERc 




Fig. 6-13 
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The voltage gain is then 

, Vl RlIl hjeR^Rc (90)(800)' ,,. 

A, = — = = - , -Tz ; r = z ^ = —173.08 (7) 

Vj hi,ih hie(Rc + Rl + hoeRL^c) 200[1600 + (100 X 10-'')(800)^] 

(b) By current division, 

''~Rs + h./' 

A = 'A= k ^ Rshie ^ (831)(200)(-173.08) ^ _ 

' h Rs + hieii RdRs + hie) " (800X1031) 



6.8 For the amplifier of Example 6.5, use SPICE methods to determine the voltage gain = vi/vi. 

Execute the file (Ex6_5.ClR) of Example 6.5, then use the Probe feature of PSpice to generate the 
instantaneous waveforms of input voltage % and output voltage vl shown by Fig. 6-14. The peak values of 
Vi and vi^ are marked. Hence, 




-1.5 V-' 

° V(7) 
300 mV- 




0 s 50 us 100 us 

□ V(l) 

Time 
Fig. 6-14 



6.9 Suppose the emitter-base junction of a Ge transistor is modeled as a forward-biased diode. 

Express hj^ in terms of the emitter current. 

The use of transistor notation in (2.1) gives 



Then, by ((5.5), 



1 ^ diB 

hie ^BE 



= TT IcBoe"' 



{2) 
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But, by (7) and Problem 2.1, 

Ibq = IcBoie""^""' - 1) « IcBoe""^'"-" (3) 
and ^^e=^ W 

Equations (2), (i), and (4) imply 

Fr(/3+l) 



Ieq 



6.10 For the CB amplifier of Problem 3.12, determine graphically (a) hjj, and (h) hgf,. 
(a) The Q point was established in Problem 3.12 and is indicated in Fig. 3-16. By (6.13), 



"■ft, ■ 



(b) By (6.14), 



Aic 



^VcB 



_ (3.97 - 2.0) X 10" 
„„,=-6.iv~ (4 - 2) X 10-3 



(3.05 - 2.95) X 10" 
-10 -(-2) 



= 0.985 



= 12.5/iS 



6.11 Find the input impedance Zj,, of the circuit of Fig. 3-10(a) in terms of the h parameters, all of 
which are nonzero. 

The small-signal circuit of Fig. 6-13, with Rg — RxRiKRx + R2), is apphcable if a dependent source 
Ke'^ce is added in series with hi^, as in Fig. 6-1 (a). The admittance of the collector circuit is given by 



and, by Ohm's law. 



By KVL applied to the input circuit. 



Vce = (1) 



ih = (2) 

Now (7) may be substituted in (2) to eliminate v^.^, and the result rearranged into 

Z4=^ = /,,-^ (5) 

Rb + ZL~ RB + h^-KehfJG 



6.12 In terms of the CB h parameters for the ampUfier of Fig. 6-15(a), find (a) the input impedance 
Zjn, {b) the voltage gain A^, and (c) the current gain 

(a) The /i-parameter equivalent circuit is given in Fig. 6-15(Z)). By Ohm's law, 

hfh>e^ ^ _hft^ 

h,i, + l/Rc + l/RL^ G ^' 
Apphcation of KVL at the input gives 

VS = KbVcb + hitie {2) 



CHAP. 6] 



SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 



181 







-Vee' 






Cc 


Re< 




4 " 



Cc it 





Now {!) may be substituted into (2) and the result solved for Z/^ = vg/i^. Finally, Zj„ may be found as 
the parallel combination of Zi'„ and R/^: 

ReG + hjifi - h,,,hfl, 
(h) By elimination of 4 between (/) and (2) followed by rearrangement, 



(3) 



'jh 



(c) From {1), 



'"-^ Rl^ RlG 



By KCL at the emitter node, 

R,-'^'^ R, -'^X Re) 
Now elimination of between (4) and (J) and rearrangement give 



A = = (\ 

RlG \ Re 



6.13 The CE /j-parameter transistor model (with h„ = hg^ = 0) was applied to the CC amplifier in 
Section 6.2. Taking ig and v^^ as independent variables, develop a CC /j-parameter model which 
allows for more accurate representation of the transistor than the circuit of Fig. 6-2(c). 

CC characteristics are not commonly given by transistor manufacturers, but they would be plots of ig 
vs. vgc with v^c "IS parameter (input characteristics) and plots of vs. v^c with as parameter (output or 
emitter characteristics). With and v^c as independent variables, we have 



^BC =f\iiB,VEc) 

'e =f2i'B,'"Ec) 



(1) 

(2) 
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Next we apply the chain rule to forai the total differentials of (1) and (2), assuming that v/,^ = i^v^c ^ <i?''Bc> 
and similarly for i^: 



Finally, we define 



4 = Ai£ ^ die = — 
dig 

Input resistance hj^ : 
Reverse voltage ratio h^^ ; 
Forward current gain hj^. : 
Output admittance : 



'a + a 

Q """EC 

. , 9'£ 
dVEc 



dig 
. dvsc 

dVEC 

dig 
3iE 

dVEC 



Q Ai;£c 

e A?)£c 



A circuit that satisfies (J) and (^) with definitions (5) to (8) is displayed by Fig. 6-16. 




(3) 
{4) 

(5) 
(6) 
(7) 
(S) 



Fig. 6-16 CC small-signal equivalent circuit 



6.14 Redraw the CE small-signal equivalent circuit of Fig. 6-1 (a) so that the collector C is common to 
the input and output ports. Then apply KVL at the input port and KCL at the output port to 
find a set of equations that can be compared with (J) and {4) of Problem 6.13 to determine the CC 
h parameters in terms of the CE h parameters. 

Figure 6-\(a) is rearranged, to malce the collector common, in Fig. 6-17. Applying KVL around the 
B, C loop, with D„ — — results in 



Vi,c — IvJl, + h„Vce + fcr = hijj, -|- (1 - h„)Ve, 




CHAP. 6] 



SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 



183 



Applying KCL at node E gives 

ie = -'b - hfeh + hoeVec = -{hfe + l)ib + Ke'^ec 

Comparison of (7) and (2) above with (5) and (4) of Problem 6.13 yields, by direct analogy, 

hie = hie Kc = \- Ke hfi = -(hfi + 1) h„e = (3) 



6.15 Use the CC transistor model of Fig. 6-16 to find the Thevenin equivalent for the circuit to the 
right of terminals B, C in Fig. 6-2{b), assuming « 1 and hoc ^ 0- Compare the results with 
(5.76) to determine relationships between and hjc, and between hf^ and hf^. 

The circuit to be analyzed is Fig. 6-16 with a resistor Rj; connected from E to C. With terminal pair 
B, C open, the voltage across terminals C, E is zero; thus, the Thevenin equivalent circuit consists only of 
Zfi, = i?jy,. Now consider vi,^ as a driving-point source, and apply KVL around the B, C loop to obtain 

""dp = "Ubc = hick + hrcVec ^ ''ic'i + %c 

Use KCL at node E to obtain 

= -Ic-Re = -(hfc'b + h„cvJRE ^ -hfcRsk (2) 
Substitute (2) into (i), and solve for the driving-point impedance: 

Rn=^ = hic-hfcRE (3) 
'b 

Now (3) is compared with (6.16), it becomes apparent that hie = hie and h/c = —{hfe + 1), as given in (5) of 
Problem 6.14. 



6.16 Apply the definitions of the general h parameters given by {1.16) to {1.19) to the circuit of Fig. 
6-\{b) to determine the CE h parameters in terms of the CB h parameters. Use the typically good 
approximations h^t <SC 1 and /iofi/i,* <5C 1 + /j/j to simplify the results. 

By {LIS), 



hi, = 



{1} 



If Vee = 0 (short-circuited) in the network of Fig. 6-l{b), then Vei, = —Vj^, so that, by KVL around the E, B 
loop. 



ffte = -hibie - hrbVcb = -hibk + ^ri^te 



which gives 

KCL at node B then gives 



Kb -I 



hih 



■Vbe 



h = -(1 + hfl,)ie - hobVeb = 

Now, (]) and the given approximations, 

hie = 

By {1.17), 



■{1 + hf,){l - Kt) 



+ ho, 



Vbe 



hih 



hih 



hibhob + (1 + hfi,){l - Kt) 1 -I- hjt 



h = 



Vhe 



h=0 



If k = 0, then ie = -ie in Fig. 6-1(6). By KVL, 

Vee = Veb - Kb^cb - hibie = (1 - Kh)Veb - h^ie 



{2) 



{3) 



{4) 
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KCL at node C then gives 



so that 



h„h 



Substituting (5) into {4) with Vcb = Vce — vi,e gives 



fee = (1 - h,b)(Vce - Vi,,) + f'*^f (Vce " '^i.e) 
1 +hfl, 

After rearranging, (i) and the given approximations lead to 



h„ = 



By {1.18), 



-hibKb + {Kb - + hfl,) 1 + hfl, 



hfe=f 

'b 



By KCL at node B of Fig. 6-1 (A), with v„ — 0 (and thus v^./, — v^,i, — —v/,^), 

if, = -(1 + - h„hVcb = -(1 + hft,)ie + KbVbe 

Solving (2) for Vbe with ^ = — — and substituting now give 

k = (1 + hjb){ib + Q + (ib + Q 

I - Kb 

After rearranging, (6) and the given approximations lead to 



(1 + hfb){\ - Kb) + hibKb 1 + hjb 



By {1.19), 



it=0 



(S) 



(6) 



(7) 



If = 0, then —4 = 4- Replacing with — in {4) and (5), solving (¥) for tj^j, and substituting into (5) give 



1 + V VI - A, 



^-Kb'l 



After rearranging, (7) and the given approximations lead to 

Kb 



K^ = 



{\-hfb){\+Kb) + ha,Kb ^+hjb 



6.17 Apply the definitions of the z parameters given by {1.10) through (7.75) to the CB /i-parameter 
circuit of Fig. 6-\{b) to find values for the z parameters in terms of the CB h parameters. 

The circuit of Fig. 6-\{b) is described by the linear system of equations 



' Kh 


Kh' 




' 4 " 




Veb 


_hfb 


Kb_ 




Vcb_ 




. 4 . 



(7) 



By (7.70) and Fig. 1-8, 



Zii 



(2) 



CHAP. 6] 



SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 



185 



Setting 4 = 0 in (1) yields 



Vch = --j—'e 



Substituting (3) into the first equation of {]) and applying (2) yield 



By (1.12) and (i). 



{3) 



By (1.11), 



Setting /(, = 0 in (1), solving the two equations for and equating the results give 



- — — - — from which — - — 

Kb ^ob Kb 



Finally, by (1.13), 



(5) 



Letting = 0 in the second equation of (1) and applying (5) yield Z22 = 1 //'o* directly. 



6.18 For the CE amplifier of Fig. 3-17, assume that h^, 



0,/7, 



\.\kQ.,h 



50, C, 



Rp = 100 k^2, Rs = 5kf2, and Rc = Rl + 20k^2. Using CE h parameters, find and evaluate 
expressions for (a) A, = ij^/is, (h) = ij^/ii,, (c) A„ = v^/vg, and (d) A[, = v^/vi,^. 

By the method of node 



(a) The small-signal equivalent circuit for the amplifier is given in Fig. 6-18. 
voltages. 



Vs I 



Rf 



■ hfJh ■ 



'ce - ^hc fb 

Rf hi. 
Rc + Rl 
Rc-Rl 



0 

v„ = 0 



E 

Fig. 6-18 

Rearranging (1) and (2) and substituting 4 = ^be/hje lead to 



1 A^V— — — ' 




vW 1 


+ 






6 .1 








>Rc 





+ 



(1) 

(2) 



1 1 1 

lfs^R~F^K. 

V__L 

Rf 



Rf 
Rc + Rl 
RcR, 



Rs 
0 
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The determinant of coefficients is then 

\Rs K.)\R, RcRl J RF\h,, Rf 

By Cramer's rule, 

_ A, _ {r^ ^ RcRr, J ' _ VlOO ^10^^ " _ ^ 
^^A -(5xl03)(4.557xl0-*)-^-^^^^^° 

A, ilOO -uj('° ^''^ ,,,, 

and = = V = ^^V^ ^^3^^^ ^ = -1.995., i4) 

So , ^ ^ ^ ^^^L ^ (5 X 10^)(-1.995.s) ^ . .q. 

' h (vs-Vbe)/Rs Mvs-Vbe) (20 X lO^Xt;^ - 4.828 X lO-'i;^) 

(b) A' = = ^ '^""^ ^ '0'X-'-995^.) ^ 22 ^3 

'■ !j (20 X 103)(4.828 x IQ-^vg) 

ic) A = ^^^ = ^1^ = -1.995 

(rf) = -1-995^^ =_413.2 

^ " t^ie 4.828 X m-\s 



6.19 In the CB amplifier of Fig. 6- 19(a), let i?i = = 50 kQ, Rc = 2.2m, Re = 3.3kQ, R^ = l.lkfi 
Cq = Cb ^ oo, h,i, ~ 0, = 25n, h„i, = 10"^ S, and hfl, = —0.99. Find and evaluate expression; 
for (a) the voltage-gain ratio A„ = vi/v^ and (h) the current-gain ratio Aj = Il/Is- 



(a) With hyi, = 0, the CB /j-parameter model of Fig. 6-1(6) can be used to draw the small-signal circuit of 
Fig. 6-19(6). By Ohm's law at the input mesh, 

4 = ^ (1) 

Ohm's law at the output mesh requires that 

Substitution of (i) into (2) allows the formation of A^: 

^ ^cRLhfl, 

" V, hit{Rc + RL+h„hRcRL) 

(2.2x 10^)(1.1 X 10^)(-0.99) 



(25)[2.2 X 10^ + 1.1 X 10^ -I- (10-«)(2.2 x 103)(1.1 x 10')] 
{b) By current division at node E, 

Re . 



Current division at node C gives 



{3) 



. ^ WhoMRc , , Rchfbie 

^ {^lhot)\\Rc + RL Rc + RL + KiRLRc ^ 
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® At- e(2 




Now substitution of (3) into (4) allows direct calculation of A^: 

^ _'_L_ RE^clyh 

'■ " ~ {Re + /)a)(Ac + Rl + h„,RLRc) 

(3.3 X 10')(2.2 X 10')(-0.99) 



-(3.3 X 10^ + 25)[2.2 x 10^ + 1.1 x 10' + (10-*)(1.1 x 103)(2.2 x 10')] 



= 0.655 



6.20 Let 115 = sin(20 007r/) V and apply SPICE methods to the small-signal equivalent circuit of Fig 
6-l9{h) to solve Problem 6.19. 

(a) The netlist code below describes the circuit: 



Prb6„20 . CIR 

vs 10 SIN{ OV IV IkHz ) 

RE 10 3. 3kohms 

Rhib 1 2 25ohms 

Vsen 2 0 DC OV 

Fhfb 3 0 Vsen -0 . 99 

Rhob 3 0 {l/le-6S} 

RC 3 0 2. 2kohms 

RL 3 0 1. Ikohms 

. TRAN 5 us 1ms 

.PROBE 

.END 



After executing (Prb6_20.CIR), the traces of the input voltage vg = V(l) and the output voltage 
vi^ = V(3) of Fig. 6-20(fl) are generated using the Probe feature of PSpice. Since the input voltage 



188 



SMALL-SIGNAL MIDFREQUENCY BJT AMPLIFIERS 



[CHAP. 6 



has been conveniently selected at 1 V peak, the voltage gain is simply equal to the peak value of d^, or 
Ay — 29.02 as marked on Fig. 6-20(fl). 

(h) The resulting instantaneous waveforms for = — I(vs) and ii^ = I(RL) are shown by the upper plot of 
Fig. 6-20{h). The current gain is determined by the ratio of maximum or peak values of output current 
(I'l} to input current (ig) as displayed by the lower plot of Fig. 6-20(A) where /I,- = 654.6 x 10"'. 



40 V-i- 



0 V 




50 mAy- 



-40 V-I-- 

0 s 0 . 5 ms 1 . 0 ms 

□ V(3) » V(l) 

Time 

(a) 




-50 mA-^ 

a -I (vs) o I (RL) 



1.0- 



CURRENT GAIN 



( 654.6 m) 

SEL» I 

0 + r I 

0 s 0. 5 ms 1 . 0 ms 

□ MAX(I{RL))/ MAX(-I(VS)) 
Time 



Fig. 6-20 



6.21 Use the CC A-parameter model of Fig. 6-16 to find expressions for the current-gain ratios 
(a) A'j = ip/i), and (h) A, = i^/i; for the amplifier of Fig. 6-2(fl). 



(ci) The equivalent circuit is given in Fig. 6-21. At the output port, 




hfcRE 



b B 



-vAA^ 



R.R. 



1^2 



Rl +R2 




Fig. 6-21 



and A'j is obtained directly from {]) as 



A' 



hf. 



'h KRe + 1 
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(h) With R]-i, = Rj„ = hj^. — h^^hfi.Ri;/{h„^R£ + 1), current division at node B gives 

/, a; Rb + i?i„ /; Rb + R,n Ai 
so A = A' ^ — V 

' RB + R,n ' RB + h,, + K,hf,REl(h„,RE+\)K,RE+l 

^ hjcRs 

{Rb + K){K,Re + 1) + h,,hj,RE 



6.22 In the two-stage amplifier of Fig. 6-22, the transistors are identical, having hj^ = 1500 Q,, hf^ = 40, 
h,, w 0, and h„, = 30 ^S. Also, i?,- = 1 k^^, Rci = 20 k^, Rc\ = 10 k£^, 




Fig. 6-22 



Find (a) the final-stage voltage gain ^,„2 = v^/Vgi; (h) the final-stage input impedance Zin2; 
(c) the initial-stage voltage gain A^i =Voi/vi^; (d) the amphfier input impedance Zi„i; and 
(e) the amplifier voltage gain = 

(a) The final-stage voltage gain is given by the result of Problem 6.7(a) if the parallel combination of Ri^ 
and Rc is replaced with Rc2'. 

, _ hfi.Rc2 _ (40)(20 X 10^) _ ^ 



/i„(l + K,Rc2) (1500)[(1 + (30 X 10-'')(20 x 10')] 
{h) From (4) of Problem 6.11 with /;„ ^ 0, 

RbiK (5 X 103)(15Q0) 

Z;„j — — — i — 1 . 1 54 kf2 

«B2 + /',<. 5xlO-Vl500 

(c) The initial-stage voltage gain is given by the result of Problem 6.1(a) if R^ and R/^ are replaced with R^i 
and Zj„2, respectively: 



VZi„2«ci _ (40)(1154)(10'') 



KeiRci + Z,„2 + VZin2«ci) (1500)(10'' -H 1 154 -h 346.2) 



-26.! 
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{d) As in part h. 



(e) By voltage division, 

Di„ Zi„i 1154 



Zi„, 1154+ 1000 



1.154kS2 



: 0.5357 



and A„ = — = — A,,iA„2 = (0.5357)(-26.8)(-333.3) = 4786 



6.23 In the amplifier of Fig. 6-23(a), the transistors are identical and have /?„ = h,,^ ^ 0. Use the CE 
A-parameter model to draw an equivalent circuit and find expressions for (a) the current-gain 
ratio Ai = i^/ii, (b) the input resistance (c) the voltage-gain ratio y4„ = Uo/u,-, and (d) the 
output resistance Rg. 



'i 

+ 


V 


hi 


Vj 1 




iv 



(«) 




Fig. 6-23 



{a) With h„ — f« 0, the small-signal equivalent circuit is given by Fig. 6-23(6). KCL at node E gives 



'e = hfJH + I'fJhi + hi + hi = (V + + '42) 



Since /, = + ii,2, the current-gain ratio follows directly from (1) and is A^ = hf^ + 1. 
(h) KVL applied around the outer loop gives 



so that 
(f) By KVL, 



= - = :^ h,, + (hf, + \)Re 



(2) 



But 



•"o = -"i - (!hc\\hie)'i = - jIhJi 



Substitution of (4) and then (2) into (3) allows solution for the voltage-gain ratio as 



{3) 



2 "-le 



{hf, + \)Re 



2 R„ 
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(d) If is replaced by a driving-point source witli shorted, KCL requires tiiat 

'dp = -hfri'hi + 'hi) + j-jr 
But (^s) 
Substituting (6) into (5) leads to 

^ 1 hj. 



6.24 The cascaded amplifier of Fig. 6-24(fl) uses a CC first stage followed by a CE second stage. Let 
Rs = Q, = lOOkS^, i?i2 = 90k^2, /?2i = lOk^^, i?22 = 90k^2, i?^ = /^c = 5k^2, and 

J?£ = 9kfi. For transistor Quh„c~0- V = 1 k^2, « 1, and = -100. For Q2, 
hre = hoe ^ 0^ % = l*^*^' ^'^'^ = ^ ^fi. Find (a) the overall voltage-gain ratio A.,, = v^/Vs 
and (6) the overall current-gain ratio Aj = ij^/is- 




(b) 



Fig. 6-24 



(a) The small-signal equivalent circuit is drawn in Fig. 6-24(A), where 



and 



■R^^\\Rv 



(90 X 10^X100 X 10^) 
90 X 10^ + 100 X 10^ 
(90 X lO'XlO X 10') _ 
90 X 10^ -H 10 X 10' " 



: 47.37 kf2 



:4.5kQ 
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From the results of Problem 6.44, 

_ hfciReWRBiWhi,) 



(-100)(818.2) 



h,,-h,,hf,{RE\\RBl\\hie) 

and from the results of Problem 6.7, 



1 X 10^ -(1)(-100)(818.2) 



= 0.9879 



hj^Ri^Rc _ (100)(5 X 10^X5 X 10^) _ 
hi,{RL + Rc) (1 X lO'XSx 103 + 5 X 103) 



Then = A^^A^^ = (0.9879)(-100) = -98.79 

(b) From the results of Problem 6.21, 



hfcRsi 



(-100X47.37 X 100 



Rbi + K + Kchfc{RE\\Rm\\hie) 4737 x 10^ + 1 x 10' + (1X-100)(818.2) 



= 36.38 
and again from Problem 6.7, 
(RE\\Rm)ke 



RdREWRBi + hi,) 



(4.5 X 10^X1 X 10^) 
(5 X 103)(4.5 X 10^ + 1 X 103) 



(-100) = -16.36 



Then 



Ai = AnAa = (36.38X- 16.36) = -595.2 



Note that, in this problem, we made use of the labor-saving technique of applying results deter- 
mined for single-stage amplifiers to the individual stages of a cascaded (multistage) ampKfier. 



6.25 For the cascaded amplifier of Fig. 6-24(fl), let Q- = Q = 100/xF, i?£2 = 600 and 
vg = 10 sin(207r x 10^) mV. All other resistors have the values of Problem 6.24. The transistors 
are characterized by the SPICE default npn model. Apply SPICE methods to determine (a) the 
overall voltage gain and (b) the overall current gain. 

(a) The following netUst code describes the circuit: 



Prb6_25.CIR 

vs 1 0 SIN{0 lOmV lOkHz) 
VCC 5 0 DC 15V 
CCl 1 2 lOOuF 
CC2 3 4 lOOuF 

CC3 6 8 lOOuF 
CE 7 0 lOOuF 
Rll 2 0 lOOkohm 
R12 5 2 90kohm 
R22 5 4 90kohm 
R21 4 0 lOkohm 
RE 3 0 9kohm 
RC 5 6 5kohm 
RL 8 0 5kohm 
RE2 7 0 eOOohm 
Ql 5 2 3 QNPN 
Q2 6 4 7 QNPN 
.MODEL QNPN NPN { ) 
.PROBE 

. THAN 5us 0 . 2ms Os lus 
.END 



Execute (Prb6_25.CIR> and use the Probe feature of PSpice to plot the waveform of output voltage vj^ 
shown in the upper plot of Fig. 6-25(a). Since the waveform has some distortion, the Fourier trans- 
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2.0 V 




100 KHz 



300 nAy- 



0 A 




( 273.2 nA) 



□ I (CCD 



250 uA-|-- 




( 200.6 uA) 



50 KHz 100 KH2 



Frequency 



Fig. 6-25 



form has been implemented using the FFT feature of PSpice to determine the value of the fundamental 
frequency component of t)^, as shown in the lower plot of Fig. 6-25(a). Then 

The negative sign indicates that has a 180° phase shift with respect to vg. 

(h) Use the Probe and FFT features of PSpice to plot the Fourier spectra of the input current I(CCl) and 
the output current 1(RL) as shown by Fig. 6-25{h). The current gain is found as the ratio of the marked 
spectra fundamental component values of Fig. 6-25(/)). 

200.6 X IQ-^ _ 
273.2 xlO-«~ 

The negative sign indicates a 180° phase shift between ig and i^,. 



6.26 The cascaded amplifier of Fig. 6-26(a) is built up with identical transistors for which 
Ke = hoe ^ 0' V = ^^'^ hie = 1 ki2. Let Rei = 1 kQ, Rci = 10kJ2, Re2 = 100 Q, 
R^2 = Rl= 3 kS^, and Q. = ^ oo. Determine (a) the overall voltage-gain ratio 
= vl/vs, and {b) the overall current-gain ratio Ai = iL/is- 

(a) The small-signal equivalent circuit is given in Fig. 6-26(6). From the results of Problem 6.7 vnth h^,, = 0 
and Rc replaced with Rc2, 

hfeRLRg ^ (100X3x10^X3x10^) ^ 
hu{RL + Ra) (1 X 103)(3 X 103 -I- 3 X 10^) 

From the results of Problems 6.48, in which R^, Rl, and Re are replaced with i?ci> and Rei, 
respectively, 

, ^ hfeRcihie ^ (100X10 X 10^)(1 X 10^) ^ 

{Rci+hiemfe+mEl+hiA (llxl03)[(100-HlXlxl03)-Hlxl03] 
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(a) 




WW 



+ 



■W^ 1 



'62 



(b) 
Fig. 6-26 



Thus, A„ = A,,jA„2 = (-0.891)(-150) = 133.6 

(h) From the results of Problem 6.48 with Rc and Ri^ replaced with Rc[ and /?,,,, respectively. 



An = 



(100)(10 X 10') 



Rci+hi, 10x10^-1-1x10^ 
Now, by current division at the output network, 



-90.91 



Rr 



Hence, 
and 



Rc2 + Rl 

II _ _ hf,Rc2 _ _ (100)(3 X 10^) 
Vi^ ~ Rc2 + Rl^ ~ 3 X 10^ -h 3 X 10^ 
Ai = AaA^2 = (-90.91)(-50) = 4545.4 



Aa 



-50 



6.27 In the cascaded CB-CC amplifier of Fig. 6-27(a), transistor Qi is characterized by h^hi = Aqai 0, 
/z;ji=50f2, and /j^ji = — 0.99. The h parameters of transistor are h„^.2^0, A,.c2 = U 
hi,2 = 500 Q., and hf,2 = -100. Let = Rei = 2kQ, Rbi = 30 kS^, Rgi = 60kQ, Ri = 50kS2, 
i?2 = lOOkS^, = 5kS^, and = Q — >• oo. Find (a) the overall voltage-gain ratio 
Ay = v^/vs and (6) the overall current-gain ratio A/ = iL/'s- 

(a) The small-signal equivalent circuit is shown in Fig. 6-27(6). From the results of Problem 6.19, with 

Rb ~ Ri WRi^ 

^ h/MRahici ^ (-0.99)(33.3 X 10^)(500) ^ ^ 

"' /!,m(Ab + /!,,2) (50)(33.3 X 103 + 500) 



By the results of Problem 6.44, 
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it 



R,<.v, 



(a) 




A,2 = ■ 



(-100)(1 X 10') 



hic2 - Kclhfc2(REl\\RL) 500 - (1)(-100)(1 X 103) 



= 0.995 



Thus, A„ = A„^A„2 = (9.75)(0.995) = 9.70 

(h) Based on the results of Problem 6.19, 



hf^^RExRs _ (-0.99)(5 X 103)(33.3 x 10^) 
(^£1 + /!,m)(^b + lUci) " ~ (5 X 10-3 + 50)(33.3 x 10^ + 500) 

By current division at node E2, 

hfc2RE2 ^ (-100)(2x 10') _ 
k2 ° Re2 + Rl (2x 103) + (2x 103) 



= 0.966 



Then, 



Aj = -4,1.4,2 = (0.966)(50) = 48.3 



6.28 Use the CE A-parameter model to calculate the output voltage Vg for the amplifier of Fig. 3-22, 
thus demonstrating that it is a difference amplifier. Assume identical transistors with 
Ke = Ke~0. 

The small-signal circuit is given in Fig. 6-28. Let a = + (hf,, + IjR^ and h = (/ly^ + 1)^^; then, by 
KVL, 

f 1 = "'M + hii,2 {}) 

V2^hk\+ "'h2 (2) 
v„ = ly^RcUiA - ih2) {3) 



Solving (i) and (2) simultaneously using Cramer's rule gives 
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Fig. 6-28 



and 



'hi 



'hi ■ 



A 1 avi — hv2 
A2 av2 — hv\ 



Substituting (4) and (5) into (5) gives, finally, 
which clearly shows that the circuit amplifies the difference between signals vi and V2. 



i4) 



Supplementary Problems 

6.29 For the CB amplifier of Fig. 3-23, find the voltage-gain ratio = Vi/Vgj, using the tee-equivalent circuit of 
Fig. 6-3 if i\. is large enough that ^ ai,,. Ans. A„ = (aRcRL)/{(Rc + ^l)[''c + (1 ~ o')'*]! 

6.30 For the CB amplifier of Fig. 3-23 and Problem 6.29, Rc ^ R^ ^ 4kQ, r, ^ 30 Q, ;-„ = 300 Q,r,^lMQ, 
and a = 0.99. Determine the percentage error in the approximate voltage gain of Problem 6.29 (in which we 
assumed 4. ^ ai^), relative to the exact gain as determined in Problem 6.1. 

Ans. Approximate gain is 1.99 percent greater. 

6.31 Use the ^--parameter equivalent circuit of Fig. 6-10(6) to find the current-gain ratio Aj — ii^/ij, for the CE 
amplifier of Fig. 3-10. 

Ans. ^ - «cOv -'■„,) 



6.32 For the EF amplifier of Fig. 3-26(a), use an appropriate r-parameter model of the transistor to calculate the 
current-gain ratio Aj = 'lI's- 



Ans. Aj — 



(Re + Rl){Rb + '•/,)['■<. + (1 - «)'V + ReWRl] + (Re + ^l)'V(/V + Re\\Rl) 



6.33 Apply the definitions of the h parameters, given by (1.16) through (1.19), to the c-parameter circuit of Fig. 
6-3 to find the CB /; parameters in terms of the r parameters. 

Ans. = -I- (1 - a)r^rj(r,, + r,), h,^ = r,,/(r,, + c,.), /j,,, = -(r^ + ar,)/(r^ + r,), h„f, = l/(r^ + r,) 
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6.34 Apply the definitions of the z parameters, given by {1.10) through (1.13), to the circuit of Fig. 6-3 to find 
values for the z parameters in the equivalent circuit of Fig. 6-29, which contains two dependent voltage 
sources. Ans. Zu = + r^, = r/,, Z21 = ri, + ar,, Z22 = r/, + 




B 

Fig. 6-29 



6.35 Apply the definitions of the z parameters, given by (1.10) through (1.13), to the CE /j-parameter circuit of 
Fig. 6- 1(a) to find values for the z parameters in the equivalent circuit of Fig. 6-29 in terms of the CE h 
parameters. Ans. zn = hj, - hf,h,Jh„„ zij = /!„//v> ^21 = -hfelKe^ ^22 = ^IKe 

6.36 Use the z-parameter model of Fig. 6-29 to calculate (a) the current-gain ratio Aj — ii^/ii and (h) the 
voltage-gain ratio A.„ = Vi^/vi for the amplifier of Fig. 3-10(a). 

Ans. " A, = RcRbZ2iI(Rc + Rdii-Ra + -n)(^22 + «cII«l) + ^i2^2\l 
A, = Z2iRb(Rl\\Rc)I{(^22 + Rc\\Rl)[RbR. + ^uiRs + R,)]} 

6.37 For the CE amplifier of Fig. 3-17 with values as given in Problem 6.18, find (a) the input resistance R^ and 
(h) the output resistance A„. Ans. (a) 24.26^2; (h) 2.154 kS2 

6.38 A CE transistor amplifier is operating in the active region, with Vcc = 12 V and — 2 kQ. If the collector 
characteristics are given by Fig. 3-9(6) and the quiescent base current is 30 A, determine (a) hjj, and 
(h) h„,. Ans. (a) 190; (h) 83.33^8 

6.39 In the circuit of Fig. 6-30, b„ = 10"^ /j,,. = 200 Q., ly, = 100, and = 100 /iS. (a) Find the power gain as 
Ap — \AjAJ, the product of the current and voltage gains, (h) Determine the numerical value of J?^ that 
maximizes the power gain. Ans. (a) h^i,/\(h„^,Ri^+ \)(h„Jij^ — h„hi,,hi^Rj})\; (h) 14.14kQ 




Fig. 6-30 



6.40 The EF amplifier of Fig. 3-26(fl) utilizes a Si transistor with negligible leakage current and fi = 59. Also, 
Fee = 15 V, = 3 V (Ki is the dc component of v^), and Re = 1.5 kf2. Calculate (a) Rg, (h) the 
output impedance Z„, and (c) the input impedance Zi„. 
Ans. (a) 339kS2; (b) 1.185kQ; (c) 50.98kQ 
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6.41 The amplifier of Fig. 6-31 has an adjustable emitter resistor R^, as indicated, with 0 < X < 1. Assume that 
hre = ''oc ^ 0 and Q. oo, and find expressions for (a) the current-gain ratio Aj = ii/is, (h) the voltage- 
gain ratio = I'tlfs^ ^nd (c) the input impedance Zj^. 



Ans. (a) Aj = 
(h) A,= 
(c) 



(Rc + Rl)[RsRb + (RS + RB)lh.e + {hfe + 1)>^Re]] ' 

Rsihi, + {hf, + 1)XRe] 



Rb + hi, + (hfi, + 1)XRe 




■f- 




Fig. 6-31 



6.42 For the CB amplifier of Problem 6.19, use SPICE methods to find (a) the input impedance Zj^ and (h) the 
output impedance Z„. (Netlist code available at author website.) Ans. (a) 24.81 f2; (b) 2.195 kf2 

6.43 The exact small-signal equivalent circuit for the CC amplifier of Fig. 6-2(a) is given by Fig. 6-21. Find the 
Thevenin equivalent for the circuit to the right of terminals b, ft, assume that = /j„(, ^ 0, and show that the 
circuit of Fig. 6-2(<:') results. (Hint: The conversion from CE to CC /; parameters was worked out in Problem 
6.14.) 

6.44 Apply the CC /j-parameter model of Fig. 6-16 to the amplifier of Fig. 6-2(a) to find an expression for the 
voltage-gain ratio A^ = ve/v/. Evaluate A„ if /i,^ — 100 Q, h^c = 1, % = —100, hoc = 10"^ S, and Re= \ kQ.. 
Ans. A„^-hfcRE/{hiAhocRE+^)-hrchf,RE\'^Q. 999 

6.45 Find an expression for R^ in the CC amplifier of Fig. 6-21; use the common approximations h,., ^ 1 and 
hoc ^ 0 to simphfy the expression; and then evaluate it if R^ — IkQ, R2 — lOkQ, hfc ~ —^(^0, and 
hie = 100 S2. Ans. R„ = hicKhJiic - hfch,,) ^ -hjc/hfc = 1 Q 

6.46 The cascaded amplifier circuit of Fig. 6-24(a) matches a high-input-impedance CC first stage with a high- 
output-impedance CE second stage to produce an amplifier with high input and output impedances. To 
illustrate this claim, refer to Fig. 6-24(/7) and determine values for {a) Zi„ = R^^, (b) Z/^, (c) Z„, and 
(d) Zo if Rg = 5 kQ and all other circuit values are as given in Problem 6.24. 

Ajjs. (a) 29.18kf2; (h) 818.2f2; (c) 5kn; (d) 9.99S2 

6.47 To illustrate the effect of signal-source internal impedance, calculate the voltage-gain ratio A,, — vi_/v, for 
the cascaded amplifier of Fig. 6-24(a) if Rg — 20 kQ and all other values are as given in Problem 6.24; then 
compare your result with the value of A,, found in Problem 6.24. 

Ans. A„ = —58.61, which represents a reduction of approximately 40 percent 
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6.48 For the amplifier of Fig. 6-32, find expressions for {a) the voltage-gain ratio A„ — f^/fj and (h) the 
current-gain ratio Aj = itlh- Assume that = h„g «^ 0. 

Ans. (a) A, = -hf,RcRU{{Rc + i^JP/, + i)RE + hi,}}; (b) A^ = -hj,Rc/{Rc + Rl) 




Fig. 6-32 



6.49 Find expressions for (a) R^^ and (h) R„ for the amplifier of Fig. 6-32 if h„ — hg, ^ 0. 
Ans. (a) «i„ = /),-, + (hj, + 1)Re; (h) R„ = Rc 



6.50 Suppose V2 is replaced with a short circuit in the dilferential amplifier of Fig. 3-22. Find the input 
impedance R,^\ looking into the terminal across which v\ appears if Rg — 20 kf2, R/; — 1 kf2. hi, — 25 Q., 
hf, = 100, and /;„ = /;„, ^ 0. Ans. 9.1 1 kJ2 

6.51 For the Darlington-pair emitter-follower of Fig. 6-33, = h^,2 = ''oei = ^dp2 = 0- In terms of the (non- 
zero) h parameters, find expressions for (a) Zj'„; {b) the voltage gain A^ = veIv^; (c) the current gain 
Aj = i,2/>m'^ ('0 and (e) Z„ (if the signal source has internal resistance Rg). 

(/!,,, + l)(/;,„2 + \)Re 

Ans. (a) Zi'„ = + (^i + l)[/i,,2 + {ly,2 + DReI (h) A„ = '-^ '-^ '-^ ; 

^in 

(hf, + i)(hj,2 + i)Re , ^ «f z,; 



(e) Z„: 



Re + z.;„ ' Re + z;^' 

hiel {RsREl(Rs + RF) + hi,i] 

H + 1 (hfe\ + Wyel + 1) 




Fig. 6-33 



Small-Signal 
Midfrequenq^ FET and 
Triode Amplifiers 



7.1. INTRODUCTION 

Several two-port linear network models are available that allow accurate analysis of the FET for 
small drain-source voltage and small current excursions about a quiescent point (small-signal operation). 
In this chapter, all voltage and current signals are considered to be in the midfrequency range, where all 
capacitors appear as short circuits (see Section 4.6). 

There are three basic FET amplifier configurations: the common-source (CS), common-drain (CD) or 
source-follower (SF), and common-gate (CG) configurations. The CS amplifier, which provides good 
voltage amplification, is most frequently used. The CD and CG amplifiers are apphed as buffer 
amplifiers (with high input impedance and near-unity voltage gain) and high-frequency amplifiers, 
respectively. 



7.2. SMALL-SIGNAL EQUIVALENT CIRCUITS FOR THE FET 

From the FET drain characteristics of Fig. 4-2(a), it is seen that if is taken as the dependent 
variable, then 



For small excursions (ac signals) abovit the Q point, Ai^) = thus, application of the chain rule to (7.7) 
leads to 



'd = fives > Vds) 



{7.1) 




ds 



{7.2) 
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where g„, and r^., are defined as follows: 



Tnmsconductance g„ 



Source-drain resistance r.i. 



dip 

9«G5 



Ain 



dv 



DS 



dir 



Air, 



(7.3) 
(7.4) 



As long as the JFET is operated in the pinchoff region, = ;^ = 0, so that the gate acts as an open 
circuit. This, along with (7.2), leads to the current-souce equivalent circuit of Fig. 7-l(fl). The voltage- 
source model of Fig. 7-\-(b) is derived in Problem 7.2. Either of these models may be used in analyzing an 
amplifier, but one may be more efiicient than the other in a particular circuit. 




S s 
(a) (b) 

Fig. 7-1 Small-signal models for the CS FET 



7.3. CS AMPLIFIER ANALYSIS 

A simple common-source amplifier is shown in Fig. l-2{a); its associated small-signal equivalent 
circuit, incorporating the voltage-source model of Fig. l-i{b), is displayed in Fig. l-2{h). Source resistor 
i?j is used to set the Q point but is bypassed by Cj for midfrequency operation. 




{a) CS amplifier {h) Small-signal equivalent circuit 

Fig. 7-2 



Example 7.1 . In the CS amplifier of Fig. l-2(h), let = 3 kf2, /x = 60, and /v., = 30 kf2. (a) Find an expression 
for the voltage-gain ratio = v^/vj. (b) Evaluate A„ using the given typical values. 
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(a) By voltage division, 

Rr. 



IJLV„ 



Substitution of fg, — d, and rearrangement give 

, I'd M^d 



(6) The given values lead to 

^_ ^60X3x10^ 
3 X 10' + 30 X 103 

where the minus sign indicates a 180° phase shift between Vj and 



(7.5) 



7.4. CD AMPLIFIER ANALYSIS 

A simple common-drain (or source-follower) amplifier is shown in Fig. 7-3(fl); its associated small- 
signal equivalent circuit is given in Fig. 7-3{h), where the voltage-source equivalent of Fig. 7-1(1?) is used 
to model the FET. 




(a) CD or SF amplifier (h) Small-signal equivalent circuit 

Fig. 7-3 



Example 7.2. In the CD amplifier of Fig. 7-3(/)), let Rg — 5kn, fi — 60, and — 30 kQ. (a) Find an expression 
for the voltage-gain ratio A^, = v^/vi. (h) Evaluate A„ using the given typical values. 

(a) By voltage division, 

_ Rs _ M-^.sV 

^ Rs + + 1) /i -M ^ (m + l)Rs + i-j. 



Replacement of v„j by Vj and rearrangement give 



v; (iJ,+ \)Rs + rj, 



(h) Substitution of the given values leads to 

A (60)(5xl03) ^ 

" (61)(5 X 103)-H(30x 10') 

Note that the gain is less than unity; its positive value indicates that ?;„ and are in phase. 



CHAP. 7] 



SMALL-SIGNAL MIDFREQUENCY PET AND TRIODE AMPLIFIERS 



203 



7.5. CG AMPLIFIER ANALYSIS 

Figure 4-28 is a simple common-gate amplifier circuit. Its small-signal equivalent circuit, incorpor- 
ating the current-source model of Fig. 7-1 (a), is given in Fig. 7-4. 



® 




'cls 



JjL C2) 



Fig. 7-4 CG small-signal equivalent circuit 



Example 7.3. In the CG amplifier of Fig. 7-4, let = 1 kQ, g„ = 2 x 10" S, and = 30 kQ. (a) Find an 
expression for the voltage-gain ratio A„ = v^/v-,. (h) Evaluate A^, using the given typical values. 

(a) By KCL, i,. — ij — gi„Vgs. Applying KVL around the outer loop gives 
But — —Vj and ij — —Vg/Ru; thus. 



and 



(h) Substitution of the given values yields 



^ ^ (gmi'd, + l)-^o 

Vi Rd + ''</,! 

(61)(1 X 10') 
1 X 103-1-30 X 10' ~ 



{7.7) 



.97 



7.6. FET AMPLIFIER GAIN CALCULATION WITH SPICE 

SPICE models of the JFET and MOSFET (introduced in Chapter 4) provide the terminal char- 
acteristic of the devices; thus, an amplifier can be properly biased and a time-varying input signal directly 
applied to the completely modeled amplifier circuit. Such a simulation is the analytical equivalent of 
laboratory amplifier circuit operation. Any desired signal can be measured directly in the time domain 
to form signal ratios that yield current and voltage gains. Any signal distortion that may result from 
device nonlinearity is readily apparent from inspection of the signal time plots. 



Example 7.4. For the JFET amplifier of Fig. 7-5, = 15V, i?, = 100kS2, = 600kf2, = 5kf^, 
Rg — 2.5 kS2, R^ — 3 kf2, and Cc\ = Cci = Cs ~ 100 ji¥ . The «-channel JFET has the parameter values of Exam- 
ple 4-1. If vs = 0.25 sin(2jr x \(ft) V and ;■ is negligible, use SPICE methods to determine the voltage gain of the 
amphfier circuit. 
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Fig. 7-5 



The following netlist code describes the circuit: 



Ex7_4 . CIR 
vs 1 0 SIN(OV 0. 
VDD 5 0 DC 15V 
CCl 1 2 lOOuf 
CC2 3 6 lOOuF 
0 lOOuF 
0 lOOkohm 

2 eOOkohm 

3 5kohm 
0 2 . 5kohm 
0 3kohm 



25V lOkHz) 



CS 
Rl 
R2 
RD 
RS 
RL 



J 3 2 4 NJFET 

.MODEL NJFET NJF (Vto = -4V Beta=0 . OOSApVsq 

+ Rd=lohm Rs=lohin CGS=2pF CGD=2pF ) 

.TRAN lus 0 . 1ms 

.PROBE 

.END 



Execute (Ex7_4.CIR) and use the Probe and FFT features of PSpice to plot the input voltage u, and output voltage 
Vi^ waveforms and their Fourier spectra as displayed by Fig. 7-6. The voltage gain is found as the ratio of the 
marked spectra fundamental components of Fig. 7-6. 

V, 0.748 
A, = — = -zr^^ -2.99 



0.250 



The negative sign indicates the 180° phase difference between u, and as noted by inspection of the instantaneous 
waveforms. 



The capabilities of SPICE are also suited to FET amplifier analysis using the small-signal equivalent 
circuit of the types shown by Figs. 7-1 through 7-4. Use of the voltage-controlled voltage source 
(VCVS) and the voltage-controlled current source (VCCS) of Section 1.3 finds obvious application in 
the small-signal equivalent circuit analysis. 



Example 7.5. Rework Example 7.1 using SPICE methods. For purposes of computation, let 
Vi = 0.25sin(2jr x lO^'OV. 
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1.0 V-- 



2.0 V 




-1.0 V + - 

0 s 50 us 

a V(l) o V(6) 

Time 

1.0 V- 



Hz 100 KHz 

o V(l) » V(6) 

Frequency 



100 us 











748 


V) _ j 




250 


V) . 1 




— « 


-a , * e 1 



200 KHz 



Fig. 7-6 

The following netlist code describes the circuit: 



0 V 




-2 . 0 V + - 

0 s 50 us 

□ V(l) 0 V(3) 

Time 

Fig. 7-7 



Ex7_5 . CIR 

vi 1 0 SIN(OV 0.25V lOkHz) 

RG 1 0 lOOkohm 

E 0 2 (1,0) 60 

rds 2 3 30kohm 

RD 3 0 3kohm 

. TRAN lus 0 . 1ms 

.PROBE 

.END 



100 us 



Execute (Ex7_5.CIR> and use the Probe feature of PSpice to plot the instantaneous waveforms of and v,, as shown 
in Fig. 7-7. The gain is found as the ratio of the marked peak values with the 180° phase shift accounted for by the 
negative sign. 



v„ 1.363 



-5.45 



7.7. GRAPHICAL AND EQUIVALENT CIRCUIT ANALYSIS OF TRIODE AMPLIFIERS 

The application of a time- varying signal vs to the triode amplifier circuit of Fig. 4-14 results in a grid 
voltage with a time-varying component, 

vg = Vgq + '^g 

It is usual practice to ensure that vq <Ohy proper selection of the combination of bias and signal. Then 

iff = 0, and the operating point must move along the dc load line from the Q point in accordance with 
the variation oivg, giving instantaneous values oi vp and ip that simultaneously satisfy (4.8) and {4.11). 

Example 7.6. The triode amplifier of Fig. 4-14 has V(ja, Vpp, Rq, and J?^, as given in Example 4.7. If the plate 
characteristics of the triode are given by Fig. 7-8 and vg = 2sinai/V, graphically find vp and ip. 
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ip, mA 




7-1 



Fig. 7-8 

The dc load line, with the same intercepts as in Example 4.7, is superimposed on the characteristics of Fig. 
however, because the plate characteristics are different from those of Example 4.7, the quiescent values are 



now IpQ = 11.3mA and Vpg = 186V. Then a time axis on which to plot vq = — 4 -|- 2 sinftjfV is constructed 
perpendicular to the dc load hne at the Q point. Time axes for ip and vp are also constructed as shown, and 
values of ip and vp corresponding to particular values of VQ{t) are found by projecting through the dc load line, 
for one cycle of vc- The result, in Fig. 7-8, shows that vp varies from 152 to 218V and ip ranges from 8.1 to 
14.7 mA. 

The following treatment echoes that of Section 6.2 For the usual case of neghgible grid current, 
(4.7) degenerates to = 0 and the grid acts as an open circuit. For small excursions (ac signals) about 
the Q point, Aip = and an application of the chain rvile to {4.8) leads to 



ip = A//> w dip = — Vp+ g,„Vg 



{7.8) 



where we have defined 
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Plate resistance r. 



Transconductance g„ 



dvp 








dip 


e 


~ Aip 


Q 


dip 








9«G 


e 




Q 



(7.9) 

{7.10) 



Under the condition ig = 0, (7.8) is simulated by the current-source equivalent circuit of Fig l-%a). 
The frequently used voltage-source model of Fig. l-9{b) is developed in Problem 7.19. 




'p 



K 

(«) (h) 
Fig. 7-9 Triode small-signal equivalent circuits 



Solved Problems 



7.1 (a) For the JFET amplifier of Example 4.2, use the drain characteristics of Fig. 4-6 to determine 
the small-signal equivalent-circuit constants g„, and {b) Alternatively, evaluate g,„ from the 
transfer characteristic. 

{a) Let change by ±1 V about the Q point of Fig. 4-6(/)); then, by (7.3), 



(3.3-0.3) X 10"' 



= 1.5mS 



At the Q point of Fig. 4-6(6), while Vj)g changes from 5 V to 20 V, /'o changes from 1.4 mA to 1.6 mA; 
thus, by (7.4), 



'd.s ■ 



20-5 
2^(1.6- 1.4) X 10- 



: 75kf2 



(h) At the Q point of Fig. 4-6(0), while /'o changes from 1mA to 2 mA, vqs changes from —2.4 V to 
-1.75 V; by (7.3), 

(2 - 1) X 10-3 , „ 
, = -1.75 -(-2.4) -^-^^"^ 



'GS 



7.2 Derive the small-signal voltage-source model of Fig. 7 -1(b) from the current source model of Fig. 
7-l(a). 

We find the Thevenin equivalent for the network to the left of the output terminals of Fig.7-l(a). If all 
independent sources are deactivated, Ug, = 0; thus, g„,Vgs = 0, so that the dependent source also is deacti- 
vated (open circuit for a current source), and the Thevenin resistance is = r^^. The open-circuit voltage 
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appearing at the output terminals is Vj-/, = vj^ — — g,„t'g.,<'rf., ~ —iiVg^, wliere we have defined a new equiva- 
lent-circuit constant, 

Amplification factor fj. = gi„rj, 
Proper series arrangement of Vji, and Rji, leads to Fig. 7-1(6). 



7.3 In the drain-feedback-biased amplifier of Fig. 4-9(a), Rp = 5 M^2, = 14kf2, (v, = 40kS2, and 
g,„ = 1 mS. Find (a) A.„ = vjjvj, (b) Zj„, (c) Zg looking back through the drain-source 
terminals, and (d) Aj = ij/ii- 

(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-10. With j;^, as a node voltage. 



Rp Ri 



''lis 




-AAAr- 




+ 



Fig. 7-10 



Substituting for /x = g,„rjs and rearranging yield 
Vi Rfi-j, + Rj^u, + R^Rf 



(14 X 10')(40 X 10^)[1 - (5 X 10')(1 X 10"^)] 



= -10.35 



(5 X 10«)(40 X 10^) -I- (14 X 103)(40 x 10^) + (14 x 103)(5 x 10'') 
(h) KVL around the outer loop of Fig. 7-10 gives = ijRp + v^^ — ijRf + A„Vj, from which 

Vi Rf 5 X 10'' 

:440k5^ 



I -A, 1- (-10.35) 

(c) The driving-point impedance Z„ is found after deactivating the independent source Vj. With Vj = 0, 
/LiDjj = iiVj — 0 and 

^ rd.,RF (40 X 10^)(5000 x 10^) 

Z,, — — — 5 — 39.68 kQ 



''ds + l^F 



5040 X 10^ 



id) 



^ J±^ ^dJRt ^ ^ (-10.35)(440 x 10^) ^ ^ 



14 X 10^ 



7.4 For the JFET amplifier of Fig. 7-5, = 2mS, r,,, = 30kS^, i?<,- = 3k^2, i?/, = i?^. = 2k^2, 
Ri = 200 k^^, R2 = 800 kS2, and r,- = 5kS^. If Cq and C5 are large and the amplifier is biased 
in the pincholf region, find (a) Zi„, (ft) A^ = Vj^/Vi, and (c) A, = ij^/ii. 
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(a) The current-source small-signal equivalent circuit is drawn in Fig. 7-11. Since the gate draws negligible 
current. 



Z.„ . . ^ . (200 xl0;)(800 xl0^) ^ J 



1000 X 10^ 



-vw- 



V 














Rl< 



















s 



Fig. 7-11 



(6) By voltage division at the input loop, 



160 X 10' 



(^) 



The dependent current source drives into R^p, where 

1_111_1 1 1_1 

^^'^^^^^^30x103^2x10^^2x103^ 967.74 



and so 



(2) 



Eliminating d^, between {1} and (2) yields 



= ^ = 0.97{-g,„R„p) = -(0.97)(2 x 10-3)(967.74) = -1. 

1',- 



(c) 



vJR^ A„{Ra + rd (-1.88)(165 x lO') 

A; — — — — — r — :: = ; — = —155.1 



2 X 10' 



7.5 Show that a small-signal equivalent circuit for the common-drain FET amplifier of Fig. 4-15 is 
given by Fig. 7-12(6). 

The voltage-source model of Fig. 7-l(fc) has been inserted in the ac equivalent of Fig. 4-15, and the result 
redrawn to give the circuit of Fig. 7-12(a), where Rg is determined as in Problem 4.6. Voltage t/g^, which is 




Fig. 7-12 
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more easily determined tlian Vg,, has been labeled. With terminals a, h opened in Fig. 7- 12(a), KVL around 
the 5, G, D loop yields 

H + 1 

Then the Thevenin voltage at the open-circuited terminals a, h is 

The Thevenin impedance is found as the driving-point impedance to the left through a, h (with 
deactivated or shorted), as seen by a source v^i, driving current i„ into terminal a. Since v^^ — —v^j,, 
KVL around the output loop of Fig. 7- 12(a) gives 

from which Rj-i, — — — — (2) 

'a M + 1 

Expressions (1) and (2) lead directly to the circuit of Fig. l-\2{h). 

7.6 Figure 7- 13(a) is a small-signal equivalent circuit (voltage-source model) of a common-gate JFET 
amplifier. Use the circuit to verify two rules of impedance and voltage reflection for FET 
amplifiers: 

(a) Voltages and impedances in the drain circuit are reflected to the source circuit divided by 
11 + i. [Verify this rule by finding the Thevenin equivalent for the circuit to the right of a, a' 
in Fig. 7-13(fl) and showing that Fig. 7-13(ft) results.] 

{b) Voltages and impedances in the source circuit are reflected to the drain circuit multiplied by 
ju, + 1. [Verify this rvile by finding the Thevenin equivalent for the circuit to the left of h,b' 
in Fig. 7-13(a) and showing that Fig. 7-13(c) results.] 




(6) (c) 
Fig. 7-13 



(a) With a, a' open, = 0; hence, Vg^ = 0 and Vj-/, = 0. After a driving-point source v^^ is connected to 
terminals a, a' to drive current into terminal a, KVL gives 



^aa' = tJ--"gs + + Rd) 



(1) 
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But Dg, = —Vca', which can be substituted into (1) to give 

Rt„-"^-^ + ^ (2) 

la M + 1 At + 1 

With i/j-/, = 0, insertion of Rj-/, in place of the network to the right of a, a' in Fig. 7- 13(a) leads directly 
to Fig. 7-13(A). 

(h) Applying KVL to the left of h, h' in Fig. 7-13(a) with h, h' open, while noting that d, = — i^gj, yields 

Deactivating (shorting) connecting a driving-point source u^^' to terminals h,h' to drive current /), 
into terminal h, noting that d^, = —ii,Rg, and applying KVL around the outer loop of Fig. 7-13(a) yield 

= Wds + Rs) - Mfg., = kVds + (/i + ^)Rs\ W 
The Thevenin impedance follows from (4) as 

Rti, = — = r,, + \)Rs (5) 

When the Thevenin source of (J) and impedance of (5) are used to replace the network to the left of 
h, h', the circuit of Fig. 7-13(f) results. 



7.7 Suppose capacitor Cs is removed from the circuit of Problem 7.4 (Fig. 7-5), and all else remains 
unchanged. Find (a) the voltage-gain ratio A^, = Vi/vj, (h) the current-gain ratio Aj = it/ii, 
and (f) the output impedance R„ looking to the left through the output port with removed. 

(a) The voltage-source small-signal equivalent circuit is given in Fig. 7-14 (the current-source model was 
utilized in Problem 7.4). Voltage division and KVL give 



Rg 

Rg + ri 



■ 'dRs 



(1) 





R, <v, 



Fig. 7-14 



But by Ohm's law, 



>d ■- 



u. + Rs + RdWRl 
Substituting (2) into (1) and solving for Vg, yield 

RGii-ds + Rs + RoWRDvi 



(Rg + '-,)['* + (m + ms + RdWRl 



Now voltage division gives 



RdWRl 



ld, + R.S + RD\\RL ' 

and substitution of (3) into (4) and rearrangement give 

^ ^"^^ -I^RgRdRl 

" Vi (Rg + rMRjj + R^Ar^, + (,1+ r)Rs] + RoRl) 



(2) 



(3) 



(5) 
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With n = g„r^ and the given values, (5) becomes 

, -(2 X 10-^)(30 X 10^)(160)(2)(2) ^ 

" (160 + 5){(2 + 2)[30 + (60+l)3] + (2)(2)} 



{b) The current gain is found as 



h -"iKRc + r,) 



A„{Ro + r,) _ (-0.272)(160 + 5) 

R, ~ 2 



= -22.4 



(c) -S^ is disconnected, and a driving-point source is added such that vj^ = Vi^. With Vj deactivated (short- 
circuited), = 0 and 

R. = RnWir. + Rs) = ^^^e^*^ = (2x10^X30x10^ + 3x10^) ^ 
fliiVA-r _^ _^ 2x103 + 30x103-1-3x103 

Note that when Rg is not bypassed, the voltage- and current-gain ratios are significantly reduced. 



7.8 Use SPICE methods to determine the voltage gain for the CG amplifier of Example 7.3. 
Rg = 2kQ and Vi = 0.25sin(27r x 10^0 V for computational purposes. 

The nethst code that follows describes the circuit: 



Let 



Prb7_8 . CIR 




vi 10SIN(0V0. 


25V IkHz) 


RS 10 2k;ohm 




RD 2 0 Ikohm 




rds 1 2 30kohm 




G 12(1,0) 2e- 


3 


. TRAN lus 1ms 




. PROBE 




.END 





Execute {Prb7_8.CIR> and use the Probe feature of PSpice to give the resulting waveforms for Vj and v„ 
shown by Fig. 7-15. The voltage gain is found as the ratio of the marked peak values. 

_v,_0A92_ 
^"-i; - 0.250-'-^' 




0 s 0. 5 ms 1 . 0 ms 

o V(l) » V(2) 

Time 



Fig. 7-15 
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7.9 Find a small-signal equivalent circuit for the two parallel-connected JFETs of Fig. 7-16 if the 
devices are not identical. 




Fig. 7-16 



By KCL, 



io — 'd] + 'd2 



(1) 



Since the parallel connection assures that the gate-source and drain-source voltages are the same for both 
devices, (1) can be written as 



Apphcation of the chain rule to (2) yields 

'd = A!d ^ dio = {g„,l + gm2)Vgs + ( — + — ]vds 

V'rf.sl 'Vfc2. 

'>1>DS 



(2) 



(3) 



where 



g,„2 ■ 



dvr. 



3i 



Dl 



dVn 



Equation (3) is satisfied by the current-source circuit of Fig. 7-l(a) ii = gmi + gmi and r^^ = r^siUf^s; 



7.10 In the circuit of Fig. 7-16, Rg = 3kS2, Rd = Rl = 2k^, r, = 5k^, and Rg = 100 kJ^. Assume 
that the two JFETs are identical with = 25 k^^ and g„, = 0.0025 S. Find (a) the voltage-gain 
ratio y4„ = Vj^/Vj, (b) the current-gain ratio Aj = ii/ij, and (c) the output impedance R,,. 

(a) The small-signal equivalent circuit is given in Fig. 7-17, which includes the model for two parallel 
JFETs as determined in Problem 7.9. By voltage division, 




Fig. 7-17 
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V = --- 0.952,,, (7) 



Now let 

2RlRo + r,ARL + Rd) (2)(2)(2) + (25)(2 + 2) 
Then, by Ohm's law, i;^ — —2g„,Vg^R„i; with {1} and (2), this gives 

(h) The current-gain ratio is 



1 „p N/p '-^.^i^-«L (25)(2)(2) X 10^ 



= — = -2g„, „ 7?,, = -2(0.0025)(0.952)(962) = -4.58 



^ Ja^ "^^l/Rl ^ A„(Rg + )■,) ^ (-4.58X100 + 5) ^ ^ 
J',/(«o + '-,) «L 2 

(f) We replace J?^ with a driving-point source oriented such that vjp — Vi_. With i,, deactivated (short- 
circuited), = 0; thus, 

„ purl ^ ^o'Vfa (2)(25) x 10^ 
IRo + r,,, (2)(2) + 25 



7.11 Move capacitor Cs from its parallel connection across to a position across R^^ in Fig. 4-33. 
Let Rq = 1 M^^, = 800 Q, Rs2 = l.lkQ, and Ri_ = 1 k^^. The JFET is characterized by 
g,„ = 0.002 S and rj^ = 30kS2. Find (a) the voltage-gain ratio = Vj^/Vj, (b) the current- 
gain ratio Aj = ii/ij, (c) the input impedance R^^, and {d) the output impedance Rg. 

(a) The equivalent circuit (with current-source JFET model) is given in Fig. 7-18. By KVL, 




Fig. 7-18 



Using Vj and i;^ as node voltages, we have 

XT , 11111 1 1 

Now let = \ \ = 5- H 5- + 



vl ^ (SmRg + 1)^., ^ [(0.002)(1 X 10") + 1](536) 

Rg + (gmRa + 1 x 10« -H [(0.002)(1 x lO*) + 1](536) 



= 0.517 



(2) 



Re, 'd, ' ■'^52 Rl 30 X 10^ ' 1.2 X 10^ 1 X 10^ 536 
By KCL and Ohm's law, 

Vl = (', + gmVgs)Re<, (3) 

Substitution of (/) and (2) into (3) and rearrangement lead to 
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(b) The cixrrent-gain ratio follows from part a as 

^ k ^ vJRl ^ A,Ro ^ (0.517)(1 X 10^) ^ 
' h {Vi-vd/Re (l-A)^i (1-0.517X1x103) 

(0 From (2), .^^v^^vJl-A^ 

Ria is found directly from (4) as 

i^. = %^ = ^ = 2.07MC 
li I - A„ 1 — 0.517 

(d) We remove R^ and connect a driving-point source oriented such that vj^ = v^. With t), deactivated 
(shorted), Vg., = -f^,. Then, by KCL, 



^ 1 1 1 \ /111 
K^si Ro/ \Rs2 ^ds Ra 



and R„ = -^ = = = 348.7 Q. 

Rs2 Rg 1.2x 103^30x 103^1 X 10" ^ "^-"^ 



7.12 Use the small-signal equivalent circuit to predict the peak values of and vj^ in Example 4.3. 
Compare your results with that of Example 4.3, and comment on any differences. 

The values of g„ and r^, for operation near the Q point of Fig. 4-6 were determined in Problem 7. 1 . We 
may use the current-source model of Fig. 7-l(a) to form the equivalent circuit of Fig. 4-5. In that circuit, 
with Vgs = sin f V, Ohm's law requires that 

, „ „ , ~gn,'-dsRDVgs -(1-5 X 10-3)(75 X 103)(3 X lO'X,, 
Vd. = -g.v,ArdA\Rn) = = 75x103 + 3x103 = 

Thus, Frf^ = 4.33Fg^ = 4.33(1) = 4.33 V 

Also, from Fig. 7- 1(a), 

Id = SmVgs + — 
'ds 

SO 7rf„ = g„Fj,„ + = (1.5 X 10-3)(1) + \ = 1.513mA 

The ±1-V excursion of Vg^ leads to operation over a large portion of the nonlinear drain characteristics. 
Consequently, the small-signal equivalent circuit predicts greater positive peaks and smaller negative peaks 
of and than the graphical solution of Example 4.3, which inherently accounts for the nonUnearities. 



7.13 For the JFET drain characteristics of Fig. 4-2(a), take v^s as the dependent variable [so that 
vds = f(vos, Id)] and derive the voltage-source small-signal model. 



For small variations about a Q point, the chain rule gives 



■Vds = ^Uds ^ dvos = 



V + - 



dVr 



(1) 



Now we may define 



dvps 

dVGS 



and 



din 



If the JFET operates in the pinchofif region, then gate current is negUgible and (7) is satisfied by the 
equivalent circuit of Fig. 7-1(6). 
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7.14 Find a current-source small-signal equivalent circuit for the CD FET amplifier. 

Norton's theorem can be applied to the voltage-source model of Fig. 7-12(6). The open-circuit voltage 
at terminals S, D (with Rg removed) is 



M + 1 



The short-circuit current at terminals 5, D is 



''dJ(M + 1) 'rf.! 

The Norton impedance is found as the ratio of (/) to (2): 



— V = Sm^gd 



R^ 



i-of _ At -H 1 



(m + 1)^„ 



>SC gm-Vgd 

The equivalent circuit is given in Fig. 7-19. Usually, /.t ;» 1 and, thus, Rj^ ^ l/g„. 



{2) 




7.15 Replace the JFET of Fig. 7-5 with the «-channel MOSFET that has the parameters of Example 
4.4 except Vto = -4V. Let i?i= 200kf2, i?2 = 600kS^, i?^ = i?s = 2 k^^, i?i = 3kQ, 
Cc\ = Cc2 = Cs = 100 /xF, and Vdd = 15 V. Assume vs = 0.250 sin(27r x 10^ r) V for computa- 
tion purposes and determine the voltage gain of this amphfier circuit using SPICE methods. 

The netlist code below describes the MOSFET amplifier circuit: 



Prb7_15 . CIR 

vs 1 0 SIN (OV 0.25V lOkHz) 

VDD 5 0 DC 15V 

CCl 1 2 lOOuF 

CC2 3 6 lOOuF 

CS 4 0 lOOuF 

Rl 2 0 200kohm 

R2 5 2 eOOkohm 

RD 5 3 2kohin 

RS 4 0 2kohin 

RL 6 0 3kohin 

M 3 2 4 4 NMOSG 

.MODEL NMOSG NMOS (Vto = -4V Kp = 0 . OOOSApVsq 

+ Rd=lohm Rg=lkohm) 

.TRAN lus 0. 1ms 

.PROBE 

.END 



Execute (Prb7_15.CIR) and use the Probe and FFT features of PSpice to plot the instantaneous waveforms 
of and along with their Fourier spectra as shown by Fig. 7-20. The voltage gain follows from ratio of 
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1.0 V- 



-1.0 V + r 1 

0 s 50 us 100 us 

□ V(l) o V(6) 

Time 

750 mV 





621 


V) ' j 




250 


V) ■ 1 

1 « a 1 



Hz 100 KHz 

□ V(l) 0 V(6) 

Frequency 

Fig. 7-20 



200 KHz 



the marked spectra magnitudes with the negative sign accounting for the 180° phase shift observed from 
inspection of the instantaneous waveforms. 

0.250 



7.16 In the cascaded MOSFET amplifier of Fig. 7-21, Cc — > oo- Find (a) the voltage-gain ratio 
= Vj^/Vj and {b) the current-gain ratio Ai = ;/./;,■. 



^f■ 



• 5- ^21 



He 



H. 
h 



8„,l 





Fig. 7-21 



h 



'dsl 



+ 



A- 
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{a) The small-signal equivalent circuit is given in Fig. 7-22. Using the result of Example 7.1, but replacing 
Rd with \\Ro2 where Rq2 — R21 ll^22i we have 



~gml'V,!l(^01 11-^62) 
l-dsl + (RdI \\Rg2) 

G, 





Similarly, 
Then 



Fig. 7-22 

_ —gm2''ds2(-l^D2\\J^L) 

'?mlgm2 ''ds 1 1'ds2 (-'^Olll-'^C2)(-'^fl2ll-'^L) 



[l-dsl + II^C2)]['-*2 + (^02l|i«L)] 



(2) 
(.3) 



(h) Realizing that Rq^ — Rn\\Ri2, we have 



J — ^ — — 



where A^, is given by (3). 



For the JFET-BJT Darlington amplifier of Fig. 7-23(fl), find {a) the voltage-gain ratio A,, = v^/vi 
and (b) the output impedance Rg. Assume h,.^ = hg^ = 0 and that Rq ^ i?2- 





(b) 



Fig. 7-23 



(a) The small-signal equivalent circuit is given in Fig. 7-23(fc), where the CD model of the JFET (see 
Problem 7.5) has been used. Since — and — Vj, KVL yields 



M+ 1 



M-l- 1 



(1) 
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By Ohm's law, 

Solving (7) for ij, substituting the result into (2), and rearranging give 

(b) We replace Ri + with a driving-point source oriented such that v^p = v^. With Vi deactivated (short 
circuited), Vg^ = 0. Then, by Ohm's law, 

i 

and by KCL, 

= -(hfe + m w 

Substituting (3) into (4) and rearranging give 

„ ^ Vdp ^ td, + + 1 )/;,-, 

" (/i+l)(/!y,+ l) 



7.18 For a triode with plate characteristics given by Fig. 7-8, find (a) the perveance k and (b) the 
amplification factor 

(a) The perveance can be evaluated at any point on the Vg = 0 curve. Choosing the point with coordinates 
ip = 15mA and vp = 100 V, we have, from (4.9), 

15 X 10-^ _ 15 ^ ,y3/2 

{b) The amphfication factor is most easily evaluated along the Vp axis. From {4.9), for the point ip = 0, 
Vp = 100 V, % = -4V, we obtain 

^_iV^_100^25 



7.19 Use the current-source small-signal triode model of Fig. 7-9(a) to derive the voltage-source model 

of Fig. 7-9(h). 

We need to find the Thevenin equivalent for the circuit to the left of the output terminals in Fig. 7-9{a). 
If the independent source is deactivated, then Vg = 0; thus, g„,Vg = 0, and the dependent current source acts 
as an open circuit. The Thevenin resistance is then Rj-i, = r^. The open-circuit voltage appearing at the 
output terminals is 

where n = g^r^ is the amplification factor. Proper series arrangement of Vth and i?jy, gives the circuit of Fig. 
7-9©. 

7.20 For the amplifier of Example 7.6, (a) use (7.9) to evaluate the plate resistance and (b) use 
(7.70) to find the transconductance. 



(a) rp ■■ 



Avp 
Aip 



218-152 



_4 (14.7 - 8.1) X 10-3 



_ (14.7- 8.1) X 10' 
vp=m -2 - (-6) 



-3 



= 1.65mS 
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7.21 Find an expression for the voltage gain = Vp/Vg of the basic triode amplifier of Fig. 4-12, using 
an ac equivalent circuit. 

The equivalent circuit of Fig. 7-9(b) is applicable if is connected from P to K. Then, by voltage 
division in the plate circuit, 

Rl , , A ""P 



7.22 In the amplifier of Problem 4.27, let %)s = 2 cos cot Y. (a) Draw the ac load line on Fig. 4-31. 
(b) Graphically determine the voltage gain, (c) Calculate the voltage gain using small-signal 
analysis. 

(a) If capacitor Cj( appears as a short circuit to ac signals, then application of KVL around the plate circuit 
of Fig. 4-30 gives, as the equation of the ac load Une, Vpp + V^q = ipR^ + vp. Thus, the ac load line has 
vertical and horizontal intercepts 

as shown on Fig. 4-31. 

(b) We have Vg — v^; thus, as Vg swings ±2 V along the ac load line from the Q point in Fig. 4-31, Vp swings 
a total of 2Vp„ = 213 — 145 = 68 V as shown. The voltage gain is then 

2F^- 4- 

where the minus sign is included to account for the phase reversal between Vp and Vg. 

(c) Applying (7.9) and (7.70) at the Q point of Fig. 4-31 yields 

Avp 



''" ~ Aip 



Aip 

Sm 

Ava 



202- 168 ,o,,^ 
- (15-8)xlO-3 =^-^^'-^ 

J15.5-6.5)xl0-^^^3^^ 



»,=180 ~3 — (—5) 

Then, ix = g^Vp = 21.87, and Problem 7.21, yields 

A M^L _ (21.87)(11.6x 10^) ^ ^^^^ 



RL + rp (11.6-1-4.86) X 10' ■ 



7.23 The input admittance to a triode modeled by the small-signal equivalent circuit of Fig. 7-9(6) is 
obviously zero; however, there are interelectrode capacitances that must be considered for high- 
frequency operation. Add these interelectrode capacitances (grid-cathode capacitance C^^; plate- 
grid, Cpg, and plate-cathode, Cp^) to the small-signal equivalent circuit of Fig. l-9{b). Then 
(a) find the input admittance 7;^, {b) find the output admittance Yg, and (c) develop a high- 
frequency model for the triode. 

(a) With the interelectrode capacitances in position, the small-signal equivalent circuit is given by Fig. 7-24. 
The input admittance is 

Vs 

h=j^ = sCg,Vs (2) 
and h = ^f'/" = sCpgi Vs - V,) (3) 
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Fig. 7-24 



Substituting (2) and (3) into (7) and rearranging give 



Now, from the result of Problem 7.21, 



so (4) becomes 



(6) The output admittance is 



and 



+ I 1 + 



h ~ Ip ~ Ipk 



Let r„' be the output admittance that would exist if the capacitances were negligible; then 



so that 



Y„ = s 



I — y'v 

J^L + I'p 



(4) 
(S) 
((S) 

(7) 

(5) 

(f) 
(70) 



(c) From (6) and (JO) we see that high-frequency triode operation can be modeled by Fig. 7 -9(b) with a 
capacitor Qn = Qj. + [1 + RtKRt + ''p)\Cpg connected from the grid to the cathode, and a capacitor 
Co = [1 -H (Rl + >'p)l iJ-RiACpg + Cpk connected from the plate to the cathode. 



Supplementary Problems 

7.24 Find the input impedance as seen by the source u,- of Example 4.2 if Cc is large. Ans. 940 kQ. 

7.25 Show that the transconductance of a JFET varies as the square root of the drain current. 
Ans. g„, = (2^7^/ Vpo)^ 
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7.26 In the amplifier of Fig. 4-15, R, = 20kS2, R2 = 100 kS2, = 1 MQ. = 30kQ, fj. = 150 (see Problem 7.2), 
and Rs — 1 kf2. Find (a) A„ = Do/t',, (fc) A/ — i^/ij, and (c) Zg. 

Ans. {a) 0.829; (6) 843; (c) 198.7 

7.27 Find the voltage gain of the CG amplifier of Fig. 7-13(i:(). 
Ans. A, = vjvi = (ii+ \)RdI[Rd + r,i, + (m + 1 )Rs\ 

7.28 Find the voltage gain A„2 = V2/Vj for the circuit of Fig. 7-25(a). Figure 7-25(6) is a small-signal equivalent 
circuit in which impedance reflection has been used for simplification. 

Ans. A,2 = -iiRd/IRd + U, + l)^s] 

7.29 Let Ri^i = R12 —>■ 00 for the amplifier of Fig. l-25(a). If R^, — Rg, the circuit is commonly called a phase 
splitter, since V2 = —vx (the outputs are equal in magnitude but 180° out of phase). Find — I'l/u, and, by 
comparison with A^2 of Problem 7.28, verify that the circuit actually is a phase splitter. 

Ans. = tiRsllRo + + (m + l)«,s] 

7.30 For the circuit of Fig. 7-25(a), model the MOSFET by NMOSG of Example 4.4 except use Vto = -4 V. Let 
Vgg = -2V, VoD = 15V, Ro = Rs = 1.5kS^, Ri^i = i^^, = lOkQ, and Qi = Cc2 = 100 /nF. Use SPICE 
analysis to show that V[ = —1)2, thus substantiating the claim of Problem 7.29 that the circuit is a phase 
splitter. {Netlist code available from author website.) 




Fig. 7-25 



7.31 For the amplifier circuit of Example 7.4, reduce the value of the bypass capacitor Cg to 0.01 fj.F so that Rg 
no longer appears shorted to ac signals and assess the impact on voltage gain. (Netlist code available from 
author website) Ans. A„ — 1.22Z — 139° 

7.32 The series-connected JFETs of Fig. 4-23 are identical, with = 70, = 30kf2, = lOOkQ, and 
R^ = R^ = 4kQ. Find (a) the voltage-gain ratio A.^, — vj^/Vj, (h) the current-gain ratio Aj — ij^/ij, 
and (f) the output impedance i?„. Ans. (a) ^„ = -9.32; (6) ^, = -233; (e) = 2.16 MQ 

7.33 The JFET amplifier of Fig. 4-33 has Rq = \MQ.,Rgi = 800 Q..Rg2 = \.2 k5^, and R^ = 1 kf2. The JFET 
obeys (4.2) and is characterized by Ij^gg — 10 mA, K^q = 4V, Vgsq ~ — 2 V, and /x = 60. Determine (a) g„ 
by use of (7.3), (b) rj„ and (c) the voltage-gain ratio ^„ — vi^/vj. 

Ans. (a) 2.5 mS; (b) 24 kQ; (c) 0.52 
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7.34 For the JFET amplifier of Fig. 4-20, find expressions for {a) the voltage-gain ratio = Vo/^c "ind 
(h) the voltage-gain ratio A^2 = ^i/^a- 

Ans. {a) = iiRsMlJ. + \)Rs + Rd + '*]; (h) ^,,2 = "M^o/K/i + ^)Rs + Rd + 'V.,] 

7.35 Frequently, in integrated circuits, the gate of a FET is connected to the drain; then the drain-to-source 
terminals are considered the terminals of a resistor. Starting with (7.2), show that if /x S> 1, then the small- 
signal equivalent circuit is no more than a resistor of value l/g,„. 

7.36 For the CS amplifier of Fig. l-2{h), find (a) the input impedance R^^ and {h) the output impedance R„. 
Ans. (a) Ri„ = R^; (h) R„ = 

7.37 For the CD amplifier of Fig. 7-3(6), find (a) the input impedance R^^ and (h) the output impedance R„. 
Ans. (a) J?i„ = Ra; (h) R„ = uJ{ii + 1) 

7.38 For the CG amplifier of Fig. 7-4, find (a) the input impedance i?i„ and (h) the output impedance R„. 
Ans. (a) Rin = Rs(Rd + + l)^s + Rd + 'V.,]; (/') = 

7.39 In the circuit of Fig. 7-26, the two FETs are identical. Find (a) the voltage-gain ratio A„ — Vg/v/ and 
(h) the output impedance R„. 

Ans. (a) A, = -/x i?i||2 J?^ + 2[(m + l)R + rjl; (h) R„ = ^[(m + m + 'V.J 



7.40 For the cascaded MOSFET amplifier of Fig. 7-21 with equivalent circuit in Fig. 7-22, find (a) the input 
impedance Rj„ and (/)) the output impedance R„. 
Ans. (a) Ri^ = RnRi2/(Rii + Ri2y, (h) R, = u^RDi/iUa + J^di) 



7.41 In the cascaded FET-BJT circuit of Fig. 7-27, assume /!„ = h,,^, = 0 and <3C Rjj. Find expressions for 
(a) = Vai/Vi and (h) A^2 = '"oi/"/- 
Am. (a) A^i = fi(hf, + 1)Rs/[(m + !)(/'/. + l)Rs + h/e + U,]; 

(h) A„2 = [lihj,Rc + li{hf, + \)Rs\|[i^^ + !)(/'/. + U^s + /',<• + 'V.,] 



7.42 Suppose the amplifier of Problem 4.25 has plate resistance i-p^lOkO. and vg = lcos(u/V. Find its 
amplification factor 11 using the small-signal voltage-source model of Fig. l-9(h). Ans. 30 




Fig. 7-26 



Fig. 7-27 
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7.43 Suppose the bypass capacitor Ci^ is removed from the amplifier of Fig. 4-30. Find (d) an expression for 
the voltage gain and (h) the percentage deviation of the voltage gain from the result of Problem 7.22. 
Ans. = + + (ju + U-RJ; (b) 35.7% decrease 

7.44 Two triodes are parallel-connected plate to plate, grid to grid, and cathode to cathode. Find the equivalent 
amplification factor /i^^ and plate resistance j-^^^ for the combination. 

Ans. 11,^ = il-iii),2 + M2'Vi)/('>i + i-pi)^ '>«, = ''pi'),2/{i'pi + I'pi) 

7.45 The circuit of Fig. 7-28 is a cathode follower, so called because v„ is in phase with and nearly equal to it in 
magnitude. Find a voltage-source equivalent circuit of the form of Fig. l-%b) that models the cathode 
follower. Ans. See Fig. 7-29 




P 



Fig. 7-28 Fig. 7-29 



7.46 For the cathode follower of Fig. 7-28, i-p — 5 kQ, fi — 25, and Rj^ — 15 kQ. (a) Use the equivalent circuit of 
Fig. 7-29 to find a formula for the voltage gain, (h) Evaluate the voltage gain. 
Ans. (a) A, = fiR^/[rp + (,i + \)Ri,]; (/)) 0.95 



7.47 The cathode follower is frequently used as a final-stage amplifier to effect an impedance match with a low- 
impedance load for maximum power transfer. In such a case, the load (resistor Ri^ is capacitor-coupled to 
the right of Rj^ in Fig. 7-29. Find an expression for the internal impedance (output impedance) of the 
cathode follower as seen by the load. Ans. R„ — Rk>'i,/[i), + (m + 1).^*:] 



7.48 The amplifier of Fig. 7-30 is a common-grid amplifier. By finding a Thevenin equivalent for the network to 
the right of G, K and another for the network to the left of Rp, verify that the small-signal circuit of Fig. 7-31 
is valid. Then, (a) find an expression for the voltage gain; (h) evaluate the voltage gain for the typical 
values (It — 20, rp — 5 kQ, R^ — 1 kS2, and Rp — \5 kO.; (c) find the input resistance and {d) find the 
output resistance R^. 

Ans. (a) A„^(iJL + \)Rp/[Rp + rp + (ti+\)R,^\; (h)l.l; (c) i«i„ = 1.95kS2; (d)R„^2(,kQ. 




Vpp 

Fig. 7-30 
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G 

Fig. 7-31 



7.49 In the circuit of Fig. 7-32, tlie triodes are identical, R(- ^ oo, and (R^^ + rp)/(fA + 1) <^ Rx- Show that the 
circuit is a difference amplifier, meaning that v„ = f{vi — V2). Ans. v„ — fiRi^(vi — V2)I(2Rl + 2/-^) 




Fig. 7-32 



Frequenq^ Effects in 

Amplifiers 



8.1. INTRODUCTION 

In the analyses of the two preceding chapters, we assumed operation in the midfrequency range, 
in which the reactances of all bypass and coupling capacitors can be considered to be zero while all 
inherent capacitive reactances associated with transistors are infinitely large. However, over a wide 
range of signal frequencies, the response of an amplifier is that of a band-pass filter: Low and high 
frequencies are attenuated, but signals over a band (or range) of frequencies between high and low are 
not attenuated. The typical frequency behavior of an /?C-coupled amplifier is illustrated by Fig. 
8- 1(a). In practical amplifiers the midfrequency range spans several orders of magnitude, so that 
terms in the gain ratio expression which alter low-frequency gain are essentially constant over the 
high-frequency range. Conversely, terms that alter high-frequency gain are practically constant over 
the low-frequency range. Thus the high- and low-frequency analyses of amplifiers are treated as two 
independent problems. 




High-frequency 
range 



Fig. 8-1 
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8.2. BODE PLOTS AND FREQUENCY RESPONSE 

Any linear two-port electrical network that is free of independent sources (including a small-signal 
amplifier equivalent circuit) can be reduced to the form of Fig. 8-1(6), where T{s) = N{s)/D{s) is the 
Laplace-domain transfer function (a ratio of port variables). 

Of particular interest in amplifier analysis are the current-gain ratio {transfer function) T{s) = ^,(.v) 
and voltage-gain ratio (transfer function) T{s) = Ay{s). For a sinusoidal input voltage signal, the Laplace 
transform pair 

vi{i) = Vim sin cot <^ Viis) ^''"'^ 



,2 



is applicable, and the network response is given by 



V2(s) = A„(s)Vi(s) = — 2- (8.1) 

s^ + co^ 

Without loss of generality, we may assume that the polynomial D{s) = 0 has n distinct roots. Then the 
partial-fraction expansion of (8.1) yields 

V2(s) = — ^ + — V + — ^ + ^^+--- + ^^ (8.2) 

S-JCO S+JCO S+Pi S+P2 S+p„ 

where the first two terms on the right-hand side are forced-response terms (called the frequency response), 
and the balance of the terms constitute the transient response. The transient response diminishes to zero 
with time, provided the roots of D(s) = 0 are located in the left half plane of complex numbers (the 
condition for a stable system). 

The coefficients ki and k2 are evaluated by the method of residues, and the results are used in an 
inverse transformation to the time-domain steady-state sinusoidal response given by 

viit) = Vim\A(M\ sm(cot + <p)= V2m sin(o>i + <p) (8.3) 

(see Problem 8.23). The network phase angle <p is defined as 

0 = tan-'|^^|^ (8.4) 

From (8.4), it is apparent that a sinusoidal input to a stable, Unear, two-port network results in a steady- 
state output that is also sinusoidal; the input and output waveforms differ only in amplitude and phase 
angle. 

For convenience, we make the following definitions: 

1. Call A( jo)) the frequency transfer function. 

2. Define M = \A(ja))\, the gain ratio. 

3. Define = 20 log M = 20 log \A(jcD)\, the amplitude ratio, measured in decibels (db). 

The subscript v or / may be added to any of these quantities to specifically denote reference to voltage or 
current, respectively. The graph of M^n, (simultaneously with 4> if desired) versus the logarithm of the 
input signal frequency (positive values only) is called a Bode plot. 



Example 8.1 . A simple first-order network has Laplace-domain transfer function and frequency transfer function 

A{s) = — i— - and A{jw) = /. 

XS+l \+ JCOT 

where t is the system time constant, (a) Determine the network phase angle </> and the amplitude ratio and 
(b) construct the Bode plot for the network. 
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(a) In polar form, the given frequency transfer function is 

A(jw) — — — — |tan~' cor 

^1 + (corf |tan-'(t^T/l) ^1 + (corf 

Hence, <P~ — tan"' c/>r (8.5) 

1 9 

and Mrf^ = 201ogM(»| = 2Qlog = = -10 log[l + (a^rr] (8.6) 



7l + (corf 



(b) If values of (8.5) and (8.6) are calculated and plotted for various values of ca, then a Bode plot is generated. 
This is done in Fig. 8-2, where to is given in terms of time constants r rather than, say, hertz. This particular 
system is called a lag network because its phase angle cj> is negative for all ca. 
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Fig. 8-2 



Example 8.2. A simple first-order network has Laplace-domain transfer function and frequency transfer function 

A(s) = w -|- 1 and Mjcu) — 1 + jcor 

Determine the network phase angle cj) and the amplitude ratio Af^^, and discuss the nature of the Bode plot. 
After A(ja)) is converted to polar form, it becomes apparent that 

0 = tan"' cor (8.7) 

and Mji, = 20 log \A(jco)\ = 20 log ^l+(corf = 10 log[l + (cor)^] (8.8) 

Comparison of (8.5) and (8.7) reveals that the network phase angle is the mirror image of the phase angle for the 
network of Example 8.1. (As co increases, ^ ranges from 0° to 90°.) Further, (5.5) shows that the amplitude ratio is 
the mirror image of the amphtude ratio of Example 8.1. (As co increases, M^^ ranges from 0 to positive values.) 
Thus, the complete Bode plot consists of the mirror images about zero of M^/, and <p of Fig. 8-2. Since here the 
phase angle (p is everywhere positive, this network is called a lead network. 

A break frequency or corner frequency is the frequency l/r. For a simple lag or lead network, it is 
the frequency at which = \A(j(jL>)f' has changed by 50 percent from its vahie at £0 = 0; at that 
frequency, M^n, has changed by 3 db from its value at co = 0. Corner frequencies serve as key points 
in the construction of Bode plots. 



Example 8.3. Describe the Bode plot of a network whose output is the time derivative of its input. 
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The network has Laplace-domain transfer function A(s) = s and frequency transfer function A(ja>) = jco. 
Converting A{Jm) to polar form shows that 

((> = tan"' ^ = 90° (8.9) 

and Mrf,, = 201ogw (8.10) 

Obviously, the network phase angle is a constant 90°. By (8.10), Mji, = 0 when a> = 1; further, M^/, increases by 
20 db for each order-of-magnitude (decade) change in m. A graph of M^i, versus the logarithm of co would thus have 
a slope of 20 db per decade of frequency. A complete Bode plot is shown in Fig. 8-3. 




The exact Bode plot of a network frequency transfer function is tedious to construct. Frequently, 
sufficiently accurate information can be obtained from an asymptotic Bode plot (see Problem 8.1). 

Example 8.4. The exact Bode plot for the first-order system of Example 8.1 is given in Fig. 8-2. (a) Add the 
asymptotic Bode plot to that figure, (h) Describe the asymptotic Bode plot for the system of Example 8.2. 

(a) Asymptotic Bode plots are piecewise-linear approximations. The asymptotic plot of Mji, for a simple lag 
network has value zero out to the single break frequency (u = 1 /r and then decreases at 20 db per decade. The 
asymptotic plot of 0 has the value zero out to o) = 0.1/t, decreases linearly to —90° at ai = 10/t, and then is 
constant at —90°. Both asymptotic plots are shown dashed in Fig. 8-2. 

(h) The asymptotic Bode plot for a simple lead network is the mirror image of that for a simple lag network. Thus, 
the asymptotic plot of A/^j in Example 8.2 is zero out toco — 1/t and then increases at 20 db per decade; the plot 
of 0 is zero out to tu = O.l/r, increases to 90° at cti = lO/r, and then remains constant. 



8.3. LOW-FREQUENCY EFFECT OF BYPASS AND COUPLING CAPACITORS 

As the frequency of the input signal to an amplifier decreases below the midfrequency range, the 
voltage (or current) gain ratio decreases in magnitude. The low-frequency cutoff point coj^ is the 
frequency at which the gain ratio equals l/\/2(= 0.707) times its midfrequency value [Fig. 8-l(fl)], or 
at which M^n, has decreased by exactly 3 db from its midfrequency value. The range of frequencies 
below &)£ is called the low-frequency region. Low-frequency amplifier performance (attenuation, really) 
is a conseqvience of the use of bypass and coupling capacitors to fashion the dc bias characteristics. 
When viewed from the low-frequency region, such amplifier response is analogous to that of a high-pass 
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filter (signals for which co < cdi are appreciably attenuated, whereas higher-frequency signals with 
CO > coi^ are unattenuated). 



Example 8.5. For the amplifier of Fig. 3-10, assume that Cc ^ oo but that the bypass capacitor Ce cannot be 
neglected. Also, let /;„ — h^^ f« 0 and Rj — 0. Find an expression that is valid for small signals and that gives 
{a) the voltage-gain ratio A^s) at any frequency; then find {h) the voltage-gain ratio at low frequencies, (c) the 
voltage-gain ratio at higher frequencies, and (d) the low-frequency cutoff point, (e) Sketch the asymptotic Bode 
plot for the amphfier (amplitude ratio only). 

(a) The small-signal low-frequency equivalent circuit (with the approximation implemented) is displayed in Fig. 
8-4. In the Laplace domain, we have 



Re + 1/sCe sReCe + 



(8.11) 




® T,B E® 



"I 



c ® 



.Rc RlS^l 



Fig. 8-4 



We next note that 

Then KVL and (8.12) yield 

But, by Ohm's law, 



Ie = 4 + hfJi, = (hfe + 1)4 
V, = + ZeIe = [hi, + (hf, + 1)Ze]Ii, 



hf.RcRi 

Vl = -(hfM(Rc\\RL) = - i „ 4 



Rc + Rl 



(8.12) 
(8.13) 

(S.14) 



Solving (8.13) for /;,, substituting the result into (8.14), using (8.11), and rearranging give the desired voltage- 
gain ratio: 



AM ■ 



hfiRc-Ri 



sReCe + 



V, Rc + Rl sRECEh,, + h„ + (^ + \)Re 
(b) The low-frequency voltage-gain ratio is obtained by letting .v ^ 0 in (8.15): 



A JO) = lim = 



-hf.RcRt 



-0 K,- (Rc + RE)[h„ + (hf, + \)Re 



(8.15) 



(8.16) 



Comparison of ( 8.16) with (/) of Problem 6.7 (but with — 0) shows that inclusion of the bypass capacitor in 
the analysis can significantly change the expression one obtains for the voltage-gain ratio. 

(c) The higher-frequency (midfrequency) voltage-gain ratio is obtained by letting .s ^ oo in (8.15): 



^„(oo) — lim 



V, 



lim 



llfeRcRt 



ReCe + 1/.^ 
Rc + Rl RECEhi, + [hi, + (ly, + \)Re\Is 



hiXRc + Rl) 



(8.17) 
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(d) Equation (8.15) can be rearranged to give 

-/ 



{Rc + RL)[hie + ily,+ l)RE] 



ReCeK, 



wliicli clearly is of the form 



Thus, we may use (8.18) to write 



A,,{s) = k„ 



1 1 



r,i + 1 
X2S + 1 



^1 CeRe 



and 



^ ^ 1 ^ + [hf, + ].)Re 
Typically, hf^, ^ 1 and A/pi?^ ^ /!,>, so a reasonable approximation of £!;2 is 



0)2 ■ 



CEhjJhf, 



(8.18) 



(8.19) 
(8.20) 

(8.21) 



Since hj^/hf,, is typically an order of magnitude smaller than Re, coj is an order of magnitude greater than £t>i, 
and Me~ (i>2- 

(e) The low- and midfrequency asymptotic Bode plot is depicted in Fig. 8-5, where oi] and 0)2 are given by (8.19) 
and (8.21), respectively. From (8.16) and (8.17). 

MdhL = 20 log 



bf^RcRE 



and 



MdhM = 20 log 



(Rc + RE)[hi, + (hfe + \)Re\ 
hJRc + Re) 



(8.22) 
(8.23) 
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Fig. 8-5 
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Fig. 8-6 



Example 8.6. In the circuit of Fig. 3-20, battery Vg is replaced with a sinusoidal source vg. The impedance of the 
coupling capacitor is not neghgibly small, (a) Find an expression for the voltage-gain ratio M = \A.„(jcD)\ = \v„/vs\. 
(h) Determine the midfrequency gain of this amplifier, (c) Determine the low-frequency cutoff point coe, and sketch 
an asymptotic Bode plot. 



(a) The small-signal low-frequency equivalent circuit is shown in Fig. 8-6. By Ohm's law, 

Rs + h„\\Rs+\lsC 



(8.24) 
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Then current division gives 



" Rb + h,, ' (R, + h,,)iRs + /i„, \\Rs+l IsC) 



But Ohm's law requires that 

K„ = -hj.Rch {8.26) 
Substituting (8.25) into (8.26) and rearranging give 



K -hf.RcRBCs 
Now, with i = ju> in (8.27), its magnitude is 



" ^ " (RB + h,,){\ +sC(Rs + lhA\RB)] 



hfpRrRRCo} 

(Rb + I'i,) y 1 + (coC)\Rs + 

(h) The midfrequency gain follows from letting .s —jco^oo in (8.27). We may do so because reactances asso- 
ciated with inherent capacitances have been assumed infinitely large (neglected) in the equivalent circuit. We 
have, then, 

— hj^R^^Rij 
^ (RB + h,,)(Rs + hARB) 



(c) From (8.27), 



'^''^ '^^ C(Rs + \\Rb)^ C[Rs(h-,, + Rb) + h-A] ' ' 



The asymptotic Bode plot is sketched in Fig. 8-7. 
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Fig. 8-7 




E 

Fig. 8-8 Hybrid-JT model for the BJT 



8.4. HIGH-FREQUENCY HYBRID-tt BJT MODEL 

Because of capacitance that is inherent within the transistor, amphfier current- and voltage-gain 
ratios decrease in magnitude as the frequency of the input signal increases beyond the midfrequency 
range. The high-frequency cutoff point Wu is the frequency at which the gain ratio equals l/-\/2 times its 
midfrequency value [see Fig. 8- 1(a)], or at which M^j has decreased by 3 db from its midfrequency value. 
The range of frequencies above is called the high-frequency region. Like tu^, u)u is a break frequency. 

The most useful high-frequency model for the BJT is called the hyhrid-n equivalent circuit (see Fig. 
8-8). In this model, the reverse voltage ratio h,.^ and output admittance h„^ are assumed negligible. The 
base ohmic resistance r/,/,!, assumed to be located between the base terminal B and the base junction B', 
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has a constant value (typically 10 to 50 that depends directly on the base width. The base-emitter- 
junction resistance rf,f^ is usually much larger than f/,^/ and can be calculated as 

I'h'e = } = (OJJ) 

JeQ iCQ 

(see Problem 6.9). Capacitance is the depletion capacitance (see Section 2.3) associated with the 
reverse-biased collector-base junction; its value is a function of VgcQ- Capacitance Cj^ (^ C^) is the 
diffusion capacitance associated with the forward-biased base-emitter junction; its value is a function of 



Example 8.7. Apply the hybrid-jr model of Fig. 8-8 to the amplifier of Fig. 3-10 to find an expression for its 
voltage-gain ratio A„(s) valid at high frequencies. Assume A, — 0. 

The high-frequency hybrid-jr, small-signal equivalent circuit is drawn in Fig. 8-9(fl). To simplify the analysis, a 
Thevenin equivalent circuit may be found for the network to the left of terminal pair B', E, with 



and 



'V + 



l\ + I'x 



(8.32) 
(8.33) 





— • AA/ 


+ 








) i 






M 







(a) 




Figure 8-9(6) shows the circuit with the Thevenin equivalent in position. Using f^/^ and D/, as node voltages and 
working in the Laplace domain, we may write the following two equations: 

Rn l/sC^ \/sC„ 



The latter equation can be solved for V/,'^, then substituted into (8.34), and the result rearranged to give the voltage 
ratio Vn/yL- 
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For typical values, the coefficient of / on the right side of (8.36) is several orders of magnitude smaller than the other 
terms; by approximating this coefficient as zero (i.e., neglecting the terni), we neglect a breakpoint at a frequency 
much greater than Wfj. Doing so and using (8.32), we obtain the desired high-frequency voltage-gain ratio: 

Ms) = 1^ = , 7, IIP > I 1 ("^-^7) 

l\ + l\ ■<! - gm)C^(Rc\\RL) + 1 



8.5. HIGH-FREQUENCY FET MODELS 

The small-signal high-frequency model for the FET is an extension of the midfrequency model of 
Fig. 7-1. Three capacitors are added: Cg^ between gate and source, Cgj between gate and drain, and C,/, 
between drain and source. They are aU of the same order of magnitude — typically 1 to 10 pF. Figure 
8-10 shows the small-signal high-freqviency model based on the current-source model of Fig. 7-l(a). 
Another model, based on the voltage-source model of Fig. l-i(h), can also be drawn. 




s 

Fig. 8-10 High-frequency small-signal current-source FET model 



Example 8.8. For the JFET amplifier of Fig. 4-5(/j), (a) ffiid an expression for the high-frequency voltage-gain 
ratio A.„(s) and (h) determine the high-frequency cutoff point. 

(a) The high-frequency small-signal equivalent circuit is displayed in Fig. 8-11, which incorporates Fig. 8-10. We 
first find a Thevenin equivalent for the network to the left of terminal pair a, a . Noting that v^^ ~ we see 
that the open-circuit voltage is given by 



Vn - yi - yi - — 



(8.38) 



® 





+ 



























@ S a' 
Fig. 8-11 
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If Vj is deactivated, K, = K^, = 0 and tlie dependent current source is zero (open-circuited). A driving-point 
source connected to a, a' sees only 

Zrk^^^-^ (8.39) 

'dp •'"-gd 

Now, with the Thevenin equivalent in place, voltage division leads to 



(8.40) 



where -L ^ y,^ ^ .vC,,, + — + + = -'Q. + U, + Go + (8.41) 

Rearranging (8.40) and using (8.41), we get 

^ (s) = -^Qrf - Sm ^2) 

^'i '<C,i, + Qrf) -I- gj, + Gj, + Gl 

(b) From (8.42), the high-frequency cutoff point is obviously 

gd.s + Go + Gi^ /o^j\ 
(^H = r -i-r ^ ' 

^ds I ^gd 

Note that the high-frequency cutoff point is independent of as long as the source internal impedance is 
neghgible. (See Problem 8.40.) 



8.6. MILLER CAPACITANCE 

High-frequency models of transistors characteristically include a capacitor path from input to 
ouput, modeled as admittance Yf in the two-port network of Fig. 8-12(fl). This added conduction 




Fig. 8-12 
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path generally increases the difficulty of analysis; we would like to replace it with an equivalent shunt 
element. Referring to Fig. 8- 12(a) and using KCL, we have 

Ii_ h+Ip 

But lp = {Vi- V2)Yp (8.45) 

Substitution of (8.45) into (8.44) gives 

Yi. = ^ + ^^1^^ =Y,+(l-Kp)Yp (8.46) 

where Kp = V2/V1 is obviously the forward voltage-gain ratio of the amplifier. 
In a similar manner, 

Y„ = ^ = Z^k±I^ (8.47) 

and the use of (8.45) in (8.47) gives us 

J^o = - + ^^^^ 1-^) =-[-Y2 + (Kj, - 1) F^] = F2 + (1 - Kjd Yp (8.48) 
where Kji= V\l V2 is the reverse voltage-gain ratio of the amplifier. 

Equations (8.46) and (8.48) suggest that the feedback admittance Yp can be replaced with two shunt- 
connected admittances as shown in Fig. 8-12(/)). When this two-port network is used to model an 
amplifier, the voltage gain Kp usually turns out to have a large negative value, so that 
(1 — Kp) Yp^ \Kp\ Yp. Hence, a small feedback capacitance appears as a large shunt capacitance 
(called the Miller capacitance). On the other hand, is typically small so that (1 — Kg) Yp « Yp. 



8.7. FREQUENCY RESPONSE USING SPICE 

SPICE methods offer a frequency sweep option that allows a small-signal, sinusoidal steady-state 
analysis of a circuit. The frequency sweep is invoked by a control statement of the following format: 

.AC DEC points start freq end freq 

Node voltages and device currents are inherently complex number values. The magnitudes and phase 
angles of calculated quantities can be retrieved by the Probe feature of PSpice by appending a p and n, 
respectively, to the variable. For example, magnitude and phase angle of the voltage between nodes 2 
and 3 are specified by Vm(2,3) and Vp(2,3). 



Example 8.9. For the BJT amplifier circuit of Fig. 3-10, assume Cc 00. The small-signal equivalent circuit is 
given by Fig. 8-4 where Rb = Rx\\R2. Let h„^ = Ke = Q, lif, = 90, i?i = lkf2, i?2 = 16kf2, = 500Q, 
Ce = 330 imF, i?c = 1 kf2, and Ri^ = lOkCi. Use SPICE methods to determine the low-frequency cutoff point. 
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Ex8_9.CIR 

vi 10 AC 0.250V 

Rl 10 Ikohm 

R2 10 16kohm 

Vsen 1 2 DC OV 

Rhie 2 3 200ohm 

Fhf e 3 4 Vsen 90 

RE 3 0 SOOohm 

CE 3 0 330uF 

RC 4 0 Ikohm 

RL 4 0 lOkohm 

.AC DEC 25 lOHz lOkHz 

.PROBE 

.END 



Execute (Ex8_9.CIR> and use the Probe feature of PSpice to yield the plots of Fig. 8-13. From the marked 
points, it is seen that the low-frequency cutoff is /x, = 214.4 Hz, where the voltage gain has a value of = 289.7. 




-100 dH , 1 

10 Hz 1.0 KHz 10 KHz 

□ Vp(4) 

Frequency 
Fig. 8-13 



The above example utilized the small-signal equivalent circuit. Small-signal analysis frequency 
sensitivity can also be implemented using the SPICE model of the transistor directly. 



Example 8.10. For the BJT amplifier of Fig. 3-10, let Ri ^ ^ 0, Rc^^kQ, R, = IkQ, ii2 = 15kQ, 
Cci = Cc2 ~ 1 fJ-F, and Vcc = 15 V. The transistor can be modeled by the parameters of Example 3.4, except 
Rb = 10 C2, Rc = 100 S2, and Cje = 100 pF. Use SPICE methods to graphically show the voltage gain magnitude 
and phase angle over the frequency range of 100 Hz to 1 GHz and to determine the low- and high-frequency cutoff 
points where depends on the value of the bypass capacitor and fn depends on the BJT junction capacitance 
values. 
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Ex8_10.CIR 

vi 2 0 AC 0.250V 

Ccl 2 3 luF 
R2 6 3 15kohm 
Rl 3 0 Ikohm 
VCC 6 0 15V 
RC 6 4 3kohm 
Cc2 4 7 luF 
RL 7 0 5kohm 
Q 4 3 0 QPNPG 

.MODEL QPNPG PNP { Is = 10f A Ikf = 150mA Ise = 10f A Bf = 150 

+Br = 3 Rb=10ohm Rc = 100ohm Va=30V Cjc=10pF Cje=100pF) 

.AC DEC 100 lOOHz IGHz 

.PROBE 

.END 



Execution of {Ex8_10.CIR> and use of the Probe feature of PSpice results in the plots of Fig. 8-14 where it is seen 
that the midfrequency range extends from = 197.3 Hz to /h = 238.3 MHz. 




SEL»] 

0 J 

□ Vm(7)/Vm(2) 
100 d-| 



-100 d-l- r 1 

100 Hz 1.0 MHz 10 GHz 

□ Vp(7) 

Frequency 
Fig. 8-14 



Solved Problems 

8.1 Calculate and tabulate the diflference between the asymptotic and exact plots of Fig. 8-2, for use in 
correcting asymptotic plots to exact plots. 

The difference e may be found by subtraction. For the plot, 
For 0 < £0 < ^: ^Mrf* = 0 - {- 10 log [H- (wrf]} = 10 log [1 -I- (wrf] (7) 
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For <u > -: SMjb = -lOlog {corf - (-lOlog [1 + {corf]) = lOlog [1 + l/icorf] (2) 



and for the </> plot, 

For 0 < w < — : 6^ = 0 — (— tan"' o)t) = tan"' mx {3) 

For — < CO < —: = — 45°log lOwr + tan"' {4) 



For CO > — : = -90° - (- tan ' wr) = tan ' cor - 90° (5) 



10 

T 

Application of (i) to (5) yields Table 8-1. 



Table 8-1 Bode-Plot Corrections 



CO 


^Mdh 




0.1/t 


0.04 


5.7° 


0.5/t 


1 


-4.9° 


0.76/t 


2 


-2.4° 


1/r 


3 


0° 


1.32/t 


2 


2.4° 


2/t 


1 


4.9° 


10/t 


0.04 


-5.7° 



T{s) 



(i) 



8.2 The i-domain transfer function for a system can be written in the form 

s"(rpiS + l)(rp2S +!)••• 

where n may be positive, negative, or zero. Show that the Bode plot (for Mji, only) may be 
generated as a composite of individual Bode plots for three basic types of terms. 

The frequency transfer function corresponding to (1) is 

Ki,(l +JCOT^i)(l +i«T^2)--- 



njco) = 



+>Tpl)(l +7C0Tp2) • 



From definition 3 of Section 8.2, 

M^j = 201og|rOco)| =201og 
which may be written as 



Kl,\l+jC0T,i\\l+jC0T,2\ ■ 



lijofWl +jC0rpi\\l +jC0Tp2\ ■ 



Ma, = 20 log + 20 log 1 1 + jon.y | + 20 log 1 1 + ycoT_-2 1 + • • • 
- 20«log|y'co| - 20 log 1 1 +j(OTpi \ - 20Iog|l +7'coT^2l ■ 



{2) 



{3) 



(4) 



It is apparent from (4) that the Bode plot of T(jco) can be formed by point-by-point addition of the plots of 
three types of terms: 



1. A frequency-invariant or gain-constant term whose Bode plot is a horizontal line at = 20 log^Tj. 
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2. Poles or zeros of multiplicity n, (jco) " , whose amplitude ratio is M^j, — ±20;jlog£i;, where the plus sign 
corresponds to zeros and the minus sign to poles of the transfer function. (See Example 8.3.) 

3. First-order lead and lag factors, (1 + jmr)*", as discussed in Examples 8.1 and 8.2. They are usually 
approximated with asymptotic Bode plots; if greater accuracy is needed, the asymptotic plots are 
corrected using Table 8-1. 



8.3 The circuit of Fig. 8-15(fl) is driven by a sinusoidal source vg. (a) Sketch the asymptotic Bode 
plot (Mji, only) associated with the Laplace-domain transfer function T(s) = Vg/Vg. (b) Use 
Table 8-1 to correct asymptotic plot, so as to show the exact Bode plot. 





: l l I llL 

(h) 
Fig. 8-15 



(a) By voltage division. 



V = ^ v„ (n 



Using the result of Problem 8.2, we recognize (2) as the combination of a first-order lag, a constant 
gain, and a zero of multiplicity 1. The components of the asymptotic Bode plot are shown dashed 
in Fig. 8-15(6), and the composite is sohd. For purposes of illustration, it was assumed that 
l/[C(Ri^ + Rg)] > 1, which is true in most cases. 

(h) The correction factors of Table 8-1 lead to the exact Bode plot as drawn in Fig. S-I5{b). 
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8.4 Sketch the asymptotic Bode plot (A/^^, only) associated with the output-to-input voltage ratio of 
the circuit in Fig. 8-16(fl). 




By voltage division, 



miy-'^Ci) „ _ SR2 C2 + 1 



Vn = ^" ■ ' V = 



SR2C2 + 1 

and the Laplace-domain transfer function is 



R,R2 \^ ^ , sR,,C2+- 



,C+ 1 

R1+R2, 

From T(s), it is apparent that the circuit forms a low-pass fiher with low-frequency gain 
r(0) — R2/(R\ + Rt) and a corner frequency at u>^ — \/r\ — \/RcgC2- Its Bode plot is sketched in Fig. 
8-16(6). 



8.5 For the amphfier of Fig. 3-10, assume that Cc — ^ 00, h^^ = h^e = 0, and Rj = 0. The bypass 
capacitor cannot be neglected. Find expressions for (a) the current-gain ratio Aj(s), (b) the 
current-gain ratio at low frequencies, and (c) the midfrequency current-gain ratio, (d) Deter- 
mine the low-frequency cutoff point, and sketch the asymptotic Bode plot (Mj/, only). 

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. By current division for Laplace- 
domain quantities, 



where = «^ || ^ „ . (2) 

Also 4 = „~f'„ I'fJh (3) 

Rc + Rl 
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Substitution of (1) into (3) gives the current-gain ratio as 

II _ -Rc hfiRa 



I, Rc + RlRb + K+Ze 
Using (2) in {4) and rearranging leads to the desired current-gain ratio: 

-hfiRcRs , r 4-u 

AU\--^- (-^C + Rl)(Re + Rb + hie) 

'^^~/,~ RECE(Rs + hie) 

' Re + Rs + hie ^ 

(b) The low-frequency current-gain ratio follows from letting ,v ^ 0 in (5): 



X2S + 1 



(5) 



I, -hfeRcRs 

(c) The midfrequency current-gain ratio is obtained by letting j ^ 00 in (5): 

A I \ 1„ —hfeRc^B 

^'^^^ = }T^i: = iR^^RiXR^) 

(d) Inspection of (5) shows that the Laplace-domain transfer function is of the form 

T|.V+ 1 



> 11^1 Re + Rb + K 

where = — = and 0)2= — = r-^ (S) 

^1 Re^e T2 RECE(RB + njg) 

With <ui and (U2 as given by (S) and with 

= 20 log ^,(0) and M^m = 20 log A,{oo) 

the Bode plot is identical to that of Fig. 8-5. Since CO2 > (Ui, CO2 is closer to the midfrequency region and 
thus is the low-frequency cutoff point. 



8.6 In the amplifier of Fig. 3-10, Cc ^ 00, Rf = 0, = I kS2, = 3.2kQ, R2 = 17 kn, = 
\0kS2, and hgg = h„ = 0. The transistors used are characterized by 75 < < 100 and 
300 < hjg < 1000 Q. (a) By proper selection of Rc and C^, design an amplifier with low-fre- 
quency cutofi" /i < 200 Hz and high-frequency voltage gain \AJ > 50. (b) For the finished 
design, determine the low-frequency voltage-gain ratio if and hje have median values. 

(a) According to (8.17), the worst-case transistor parameters for high ^„(oo) are minimum hfi and max- 
imum hig. Using those parameter values allows us to determine a value for the parallel combination of 
Rc and i?^: 

Re, = RcWRl > I AMI = 50 ^ = 666.7 n 



Then Rc = > (^^^MM = 714.3 ^ 

Rl- Req " 9333.3 

Now, from (8.20), for A < 200 Hz, 

^ hie + + ^)Re ^ 300 + (101)(1000) ^ 
^- cotiJ^Afe 2;r(200)(1000)(300) ' 
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(h) By (8.16), 



AM : 



100 + 75\ 



(666.7) 



300+ 1000 /100 + 75 

h 



-0.654 



+ 1 (1000) 



8.7 Let Ci, — >• oo in the capacitor-coupled amplifier of Fig. 6-22. Assume hg^i = h^ei = hoei = 
hrei = 0. Find an expression for the voltage-gain ratio ^„(.v). 

The first-stage amplifier can be replaced with a Thevenin equivalent, and the second stage represented 
by its input impedance, as shown in Fig. 8-17. A.', follows from voltage division and (6.46) if Ri^, hf,,, and hi^ 
are replaced with R^, hf^^, and /!,■,,[, respectively: 

Re„ + Ri /'lel hi^i(R^„ + Rj) 



where = = WRMi = , ^'"'n'f „ (2) 

"/fU^ll + ^12) + ^11^12 



(3) 




Fig. 8-17 



The second-stage input impedance is given by (6.47) if hj^ is replaced with /!,>2II^b2 ~ ''ie2ll^2i 11^22- 

hj^2 + RbI I'ieliJ^li + J^ll) + ^21^22 

Now, from (2) of Problem 8.3, 



A[,Vi .vC2(Zi„2 + Z„,)-Hl 
and rearranging yields the first-stage gain as 



The second-stage gain follows directly from (6.46) if R/^ is replaced with Rc2. 



hiel 



Consequently, the overall gain is 



(i) 



A — — — A ' ■?Zin2C2 

'" " F,- " ",C2(Zi„2 + Z„,)+l ^ 



A,. = A„A,, = -a;, ^'Yy 
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Substituting (1) into (7) and simplifying yield the desired gain: 



8.8 In the cascaded amplifier of Problem 8.7 (Fig. 6-22 with Ci.C^^oo), let hjgi=hii.2 = 
1500Q,/i/H = hfei = 40, C2 = 1 mF, Ri = Ik^^, = 10kS2, i?c.2= 20kJ2, and TJ^i = 7?52 = 5kS^. 
Determine (a) the low-frequency gain, (h) the midfrequency gain, and (c) the low-frequency 
cvitoflf point. 

(a) Letting .s ^ 0 in (8) of Problem 8.7 makes apparent the fact that the low-frequency gain ^„(0) — 0. 
{h) The midfrequency gain is determined by letting s ^ 00 in (5) of Problem 8.7: 
From (2), (J), and (4) of Problem 8.7, 

A„(oo) — lim A„{s) — — — ^ — 

"ielhwliRe^ + Ri) Z,„2+Zol 

/;„,, + Rb, 6500 

Zoi = Rci = 10 kQ 

, ^ h^..2Rm (1500)(5000) 

and Z;„j — — =1153.8S2 

+ Rb2 6500 

(40)(40)(10 x 10^X20 X 10^X1153.8) 1153.8 
^^'^^ = (1500X1500X2153.8) 1153.8+ 10 x 103^^^^^-^ 

(f) The low-frequency cutoff point is computed from the lag term in (S) of Problem 8.7: 

f ^ ^ 1 1 =143Hz 

In 27rC2(Zi„2 + Z„i) 2jr(l x 10-'')(1 153.8 -|- 10 x 10^) 



8.9 The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical and cannot be 
neglected. Assume /7,.j = h„i, = 0. (a) Find an expression for the voltage-gain ratio Vi^/Vg. 
(h) Find an expression for the midfrequency voltage-gain ratio. 

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-18. Applying Ohm's law in the 
Laplace domain, we obtain 

1 /sCc + REh,hl(RE + hit) sCcREhihIiRE + h,,,) + 1 




B 

Fig. 8-18 
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Voltage division then gives 

7 ^ J ^ y (]) 

" /j» + Re ^ hu, + Re sCcRshibKRE + ha,) + 1 ^ ^ ' 

By current division at the output, 

Rc , shj^RiRcCcIe 

Ve - ReIl - -Rl ^^^,/^Cc + Re - 'sCc(Re + Rc) + 1 ^ ^ 

Substituting (7) into (2) and rearranging lead to the desired voltage-gain ratio: 

A(s) = ^= RER.Rchj,Chs' 

Vs (hi, + RE)[sCcREh„,/iRE + k,) + 1][sCc(Re + «c) + U 

(b) Letting j ^ oo in (3) leads to the midfrequency gain: 

^^^^^ = -Mr^) W 

8.10 The two coupling capacitors in the CB amplifier of Fig. 6-15 are identical. Also, hri, = hot = 0. 
(a) Find an expression for the current-gain ratio Ai(s) that is valid at any frequency, (b) Find an 
expression for the midfrequency current-gain ratio. 

(a) The low-frequency equivalent circxiit is displayed in Fig. 8-18. By current division, 

A T . r shj^RERcCch ,„ 

= -Rc+ ysCc + R. """'^ = ' sCciRE + Rc) + 1 
Substituting (1) into (2) and dividing by give the desired current-gain ratio: 

A(,) = ^^= shf^RERcRECc 

I, {hit + RE)[sCc{RL + Rc) + '^] ^ 

(b) The midfrequency current-gain ratio is found by letting 5 (X) in (3): 



i (ooi _ hfl,RERcRE ,^ 

(ha, + Re)(RE + Rc) 



8.11 On a common set of axes, sketch the asymptotic Bode plots (Mj/, only) for the voltage- and 
current-gain ratios of the CB amplifier of Fig. 6-15, and then correct them to exact plots. 
Assume that the coupling capacitors are identical and that, for typical values, 

1 « CciREllhih) « Cc(Rl + Re)- 

The Laplace-domain transfer functions that serve as bases for Bode plots of the voltage- and current- 
gain ratios are, respectively, (3) of Problem 8.9 and (3) of Problem 8.10. Under the given assumptions, 
inspection shows that the two transfer functions share a break frequency at tu = 1 /[Cc(Rl + Rc)] and the 
voltage-gain transfer function has another at a higher frequency. Moreover, the voltage plot rises at 40 db 
per decade to its first break point, and the current plot at 20 db per decade. With 

1 , Rs + hii, 

o>u = (Ou = (OEi = ,„ . r, s and co2„ = (Oe„ = ^ „ , 
<-c(Rl + Rc) ^cRE"ih 

the low-frequency asymptotic Bode plots of voltage and current gain are sketched in Fig. 8-19. The given 
assumption assures a separation of at least a decade between wi^ and (U2„ and between a> = 1 and (Ui„. Since 
the parameter values are not known, the sketches were made under the assumption that Ki, = 1 in both plots. 
When values become known, the Bode plots must be shifted upward by 

20 log = 20 log ^eRLRchfiCc voltage plot 

hib + Re 
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and 20 log K,,: — 20 log JlL^ — - — - — - for the current plot 

/),,, + Re 

Correction of the asymptotic plot requires only the application of Table 8-1. The exact plots are shown 
dashed. 



8.12 For the CE amplifier of Fig. 3-10, determine {a) Z/^, (h) Zj^, and (c) Z„ if Cc — > oo but Ce 
cannot be neglected. 

(a) The small-signal low-frequency equivalent circuit is given in Fig. 8-4. Using (8.11) and (8.13), we have 



7- 



■ hi, + [hj, + \)Ze : 



sReCe + 1 



(h) 



Substituting (1) into (2) and rearranging give 

RB[sh,,RECE + hi, + {hf, + \)Re\ 



sReCe(Rb + h„) + Rb + h„ + (hf, + 1)Re 
(c) With voltage source d, deactivated (shorted), KVL requires that 

-hf,I,(ZE\\hi,) 
Jh — ; 



(1) 
(2) 

(3) 



so that 



1 +- 



hf,ZEhi, 



//, = 0 



hi,(ZE + hi,)_ 

Since (4) can be satisfied in general only by 4 = 0, the output impedance is simply 

Z„ — Rc 



(S) 



In this particular case, (3) shows that the input impedance is frequency-dependent, while (5) shows 
that the output impedance is independent of frequency. In general, however, the output impedance 
does depend on frequency, through a finite- valued coupling capacitor Cc. (See Problem 8.13.) 
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8.13 To examine the combined effects of coupling and bypass capacitors, let the input coupling 
capacitor be infinitely large while the output coupling capacitor and the bypass capacitor have 
practical values in the CE amplifier of Fig. 3-10. For simplicity, assume /;„ = h^^ = 0 and 
Rg ^ Zi'„. (a) Find the voltage-gain ratio A„{s) = Vi^/v,. (b) If = 200 /xF, Cf = 10 /uF, 
Rj = Rg = 100 Q,, Rc = Ri = IkQ,, /;,,., = 1 kS2, and hf,, = 100, determine what parameters con- 
trol the low-freqviency cutoff point and whether it is below 100 Hz. (c) Find an expression for 
the output impedance Z„. 




Fig. 8-20 



(a) The small-signal equivalent circuit is given in Fig. 8-20. We first define 

1 Rf 

Z p- — Kf; 



sCe sRi;Ce + 1 
Then, by KCL, 

/„ = /,, + hj,I, = (hf, + 1)4 
KVL around the input mesh requires that 

K, = (R, + hu,)h + ZeI, 
Substituting (2) into (3) and solving for //, yields 

V, 



R, + h,, + (hf, + \)Ze 
Current division at the collector node gives 



and Ohm's law and (5) yield 



V, = R,I, 



Rc + Rl+'^/sCc 



RiRc 



hfeh 



lyJh 



Rc + Rt + y-'iCc 

Substituting (4) and (1) into {6} and rearranging now lead to the desired voltage-gain ratio: 

hfeRLRcCc 



A„(S) : 



{hf, + 1)Re + /!,-, + R, 



s(sReCe + 1) 



V; 



{sCc(Rc + Rl) + 1] 



CEREiRj + hj,) 

' (hf, + \)Re + R, + h„ ^ 



(1) 



(2) 



(3) 



{4) 



{6) 



(7) 



(b) The Laplace-domain transfer function (7) is of the form 

-K^s(T2S + 1) 



T(s) ■- 



(tiS+ \)(tiS+ 1) 
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where wi — — — i = !-t — 25 rad/s 

' T, Cc(Rc + Rl) (10 X 10-«)(4000) ' 



1 

T2 ReCe (100)(26(rx 10-'') 



ii>2 — — — ^ — — m-6 ~ rad/s 



1 {hf, + \)Re + Ri + hi, (101)(100)+ 100+ 1000 , 

cl}-, — — — — ; — 7 — 509.1 rad/s 

T3 CERE(Ri + hi,) (200 X 10-f')(100)(1100) ' 

Since there is at least a decade of frequency (in which the gain can attenuate from its midfrequency 
value) between 0)3 and the other (lower) break frequencies, iii3 must be the low-frequency cutolf cu^. 
Then 

(o, 509.1 

fL = — = = 81.02Hz < 100 Hz 

In lit 

(c) As in Problem 8.12, 4 = 0 if u,- is deactivated; a driving-point source replacing Re would then see a 
frequency-dependent output impedance given by 



8.14 Assume that the couphng capacitors in the CS MOSFET amplifier of Fig. 4-25 are identical. 
Determine the voltage-gain ratio (a) for any frequency and ib) for midfrequency operation. 



(a) The equivalent circuit is drawn in Fig. 8-21. By voltage division, 
Ra sRgCc 



Rg + I/sCc • sRaCc+\ ' 



where 



Rc. 



RiWRi 



R\Ri 
R1+R2 



Current division at the drain node yields 
from which 

V„^R,r 



RpWi-d, ^ _ sCclRpi-dJiRp + /■rf,,)]g„, Kg, 

Rd II + 1 /-^Cc + Re ^" ^ sCdRDi-ds/iRo + ' V,,) + Rl]+^ 



SgmRDRtrd^CcliRD + '-ds) 



■^CdRD'-dJiRo + '-*) + «l] + 1 
Substitution of (/) into (3) and rearrangement then give 

shmRGRDRLrd.ClKRD + I'ds) 



Ms) 



Vi 



, +Rl 

\J<D + ' ds 



+ 1 



[sCcRg + 1] 



(.1) 



(2) 



{3) 



(4) 



(h) Since high-frequency capacitances have not been modeled, the midfrequency gain follows from letting 
.s ^ 00 in (4): 



ginRoRtl'ds 



Rot'ds + RtiRD + >'ds) 




s 

Fig. 8-21 
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8.15 For the CS JFET amplifier of Fig. 7-2, (a) find an expression for the vokage-gain ratio A^(s) and 
(h) determine the low-frequency cutoff point. 

(a) The low-frequency equivalent circuit is shown in Fig. 8-22. By KVL, 

(Rs\\l /sCs) + + Ro sCsRs{Rd + + Rs + RD + rd, 



But KVL requires that 



K,,= K,-/,(i.,||^) = K,-^^^^ (2) 



Substituting (I) into (2) and solving for K^, give 

sCsRs(Rd + '-ds) + Rs + Rd + i-j, 



sCsRs(Rd + + Rd + i\h + (m + ms ' 



Now, by Ohm's law and (1), 



y ^ n , I^Rd(sRsCs+\)V,s 

sCsRs(RD + rd.) + Rs + RD + rd. ^' 
Substituting K^, as given by (3) into (4) and rearranging yield, finally, 

' K,- + r,„ + (m + 1 )Rs ^. CsRsiRp + '-rf.,) J 

«o + <-<;., + (/i + IRv 

(6) It is apparent that the low-frequency cutoff is the larger of the two break frequencies; from (5), it is 

Rd + Us + (m + i}Rs 



CsRs(Rd + ''ds) 



® 



+ 1 

Rg 



Rn S v„ 



® 



Fig. 8-22 



8.16 The hybrid-;r equivalent circuit for the CE amplifier of Fig. 3-10 with the output shorted is shown 
in Fig. 8-23. (a) Find an expression for the so-called /J cutoff frequency f^, which is simply the 
high-frequency current-gain cutoff point of the transistor with the collector and emitter terminals 
shorted, (h) Evaluate/^ if = 100 i\ = 1 kS2, = 3 pF, and Q = 100 pF. 

(a) Ohm's law gives 

gn + siCy, + C^) 
But with the collector and emitter terminals shorted, 

4 = -gm Vb'e (2) 
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Substituting (/) into (2) and rearranging give the current-gain ratio 



From (3), the p cutoff frequency is seen to be 



(3) 



1 



(h) Substituting the given high-frequency parameters in {4) yields 

/g = i 1.545 MHz 

241000)(103 X 10-'2) 



8.17 Apply the hybrid-jr high-frequency model to the CB amplifier of Fig. 6-15(/)): {a) Find an 
expression for the high-frequency voltage-gain ratio, {b) Describe the high-frequency behavior 
of the CB amphfier. 

(a) Use of the hybrid-jr model of Fig. 8-8 results in the high-frequency small-signal equivalent circuit of 
Fig. 8-24. The coupling capacitors are assumed to be short circuits at high frequency. For typical 
values, i\ <SC 1 /sC„, r„, 1/«C^ for frequencies near the break frequencies; thus, letting i\ = 0 introduces 
little error (but considerable simplicity). 



gm^b'e 




B a' 
Fig. 8-24 



A Thevenin equivalent can be found for the network to the left of terminal pair a, a' . With i\ = 0, 
current from the dependent source flows only through C, so 

By the method of node voltages, 

-^^^^-^ + g,n Vy. + V,.A^C, + Ge + = 0 (2) 



CHAP. 8] 



FREQUENCY EFFECTS IN AMPLIFIERS 



251 



Solving (2) for and substituting the result into (i) yield 

y _ Sm fy^ 

Deactivating (shorting) Vg also shorts E to B'. Consequently, Fj,^ = 0, the dependent current source 

is open-circuited, and Z7-;, = 1 /.sC^ . 

Now, the Thevenin equivalent and voltage division lead to 

Rc\\RL + Zn ^' 
Substitution of (3) into (4) and rearrangement give the desired voltage-gain ratio: 

- ^Vl^ gMlJiL ... 

" Vs [sC^(Rc\\RL) + l]lsC^Rs + Rs(gm+g. + GE)+l] ^' 

(b) Since (5) involves the upper frequency range, it describes the amplifier as a low-pass (midfrequency) 
filter with break frequencies at 

1 ,^ Rs(gm+g:r + GE)+l ,^ 

u>\ = „ ,„ „ „ ^ and coi = — — (0) 



8.18 (a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-9(a) to deter- 
mine the Miller capacitance, {b) Using the Miller capacitance, draw the associated equivalent 
circuit and from it find an expression for the high-frequency voltage-gain ratio. 

(a) First, the gain Kp must be found with capacitor and load resistor removed. Since 

VL = -gmVb'eRc 

the desired gain is 

KF = ^=-g„Rc (1) 
The Miller capacitance Cm is the input shunt capacitance suggested by (8.46): 

CM = (l-KE)^ = (l+gMC^ (2) 

since comparison of Figs. 8-9(a) and 8- 12(a) shows that forms a feedback path analogous to Yp. 

(b) The output shunt capacitance, as suggested by (8.48), must also be determined. Since = 0 underlies 
the hybrid-^' model, the reverse voltage-gain ratio — 0, hence: 

i'o = ^^2 + (1 - A-«) Yp ^Y2+ Yp ^Y2 + sC^ (3) 

Comparison of Fig. 8-9(a) with Fig. 8-12(ft) and the use of (i) to (3) lead to the equivalent circuit of Fig. 
8-25. Let 

Ce, = CM + C^ = (\+ gMC^ + C„ 

Then, by voltage division, 

^ rJ(sr„C,,+ l) ^ rj(r, + rj 

r. + r^Ksr^C. + l) ' ^(rJ|r,)Q, + l ' ^' 



and by Ohm's law. 



s(Rc\\Rp)C^+\^"''^'' 



Substitution of (4) into (5) and rearrangement yield the desired voltage-gain ratio: 

A (,) ^Vl^ g,n{Rc\\RL)r„l(r. + r„) 

V, [s(Rc\\RL)C^ + mr.\K)C^ + l] 
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(l+g„,7?c)C^ 

Fig. 8-25 



8.19 (a) Apply the results of Section 8.6 to the small-signal equivalent circuit of Fig. 8-11 to determine 
the Miller admittance, (h) Utilizing the Miller admittance, draw the high-frequency small-signal 
equivalent circuit and determine the voltage-gain ratio. 

(a) With load resistor and feedback capacitor Cgj removed from the circuit of Fig. 8-11, the forward 
gain Kf follows from an application of Ohm's law: 



The Miller admittance suggested by (8.46) is 

II -^o) 



+ 



.<'-rf.,ll^c)Q, + l, 



sQ 



(1) 



(2) 



In the frequency range of interest and for typical values of /v.,, Rd- and C,/,, generally 
\^(>'ds\\J^D)Cds\ <SC 1; thus, the Miller admittance can be synthesized as a capacitor with value 



Cm — - 



-Af — — [1 + gmi''ds\\J^D)]Cgd 



(3) 



(h) Since there is no feedback of output voltage to the input network of Fig. = Q. Hence, the 

output admittance, as suggested by (8.48), is simply 



(\-K^)Y, 



-sC, 



gd 



(4) 



The equivalent circuit of Fig. 8-11 can be converted to the form of Fig. 8-12(6), as displayed in Fig. 
8-26. By Ohm's law. 



Sni ^es 



Since K^, = F,, the required voltage-gain ratio follows as 

^ ( — YJi— ^ 

K,- .v(C,fc + Cgd) + gd, + Gd + Gl 



{5) 



(6) 



As long as the source resistance is negligible, A.^, is independent of C^. (See Problem 8.25.) 




Fig. 8-26 
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8.20 The high-frequency equivalent circuit for the CS JFET amplifier of Fig. 4-5 is given by Fig. 8-11. 

Let Rg = 1 Mn, R^ = Rp = 2 kQ, r^, = 50 kQ, g„, = 0.016 S, C^,, = 3 pF, Q, = 1 pF, and 
Cgj = 2.7 pF. By SPICE methods, determine the voltage gain for a 50 MHz impressed signal. 

The netlist code below describes the circuit: 



Prb8_20 . CIR 

vi 1 0 AC 0 . 25V 

RG 10 IMegohm 

Cgs 1 0 3pF 

Cgd 12 2. 7pF 

Ggm 2 0 (1,0) 0.016 

rds 2 0 SOkohm 

Cds 2 0 IpF 

RD 2 0 2kohm 

RL 2 0 2kohm 

.AC DEC 100 IMegHz lOOMegHz 

. PROBE 

.END 



Execute {Prb8_20.CIR> and use the Probe feature of PSpice to give Fig. 8-27. From the marked points, it is 
seen that the voltage gain at 50 MHz is 

A„ = 10.36/128.2° 




1.0 MHz 10 MHz 100 MHz 

o Vp(2) 

Frequency 
Fig. 8-27 



8.21 For the CG JFET amplifier of Fig. 4-28, let = 15 V, R^ = R2 = lO kSl, R^, = 500 Q, 
R^ = 2kf2, and Q i = Cc2 = 15 mF- Add a load resistor 7^^ = 15kJ^. The JFET is modeled 
by the parameters of Problem 4.4. Use SPICE methods to implement a wide frequency range 
study to determine low- and high-frequency cutoff points for this amplifier. 
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Prb8_21.CIR 
vi 10 AC 0.25V 
CCl 1 2 15uF 
RS 2 0 2kohm 
J 3 4 2 NJFET 

.MODEL NJFET NJF ( Vto = -4V Beta=0 . OOOSApVsq 

+ Rd=lohm Rs = lohm CGS = 2pF CGD=2pF) 

Rl 4 5 lOkohm 

R2 4 0 lOkohm 

RD 3 5 500ohm 

VDD 5 0 15V 

CC2 3 6 15uF 

RL 6 0 15kohm 

.AC DEC ICQ lOHz SOMegHz 

.PROBE 

.END 



Execute (Prb8_21.CIR) and use the Probe feature of PSpice to yield the gain magnitude plot of Fig. 8-28. 
The marked points show the cutoff frequencies to be /x, = 36.4 Hz and = 9.9 MHz. 




Supplementary Problems 



8.22 Show that if two linear networks are connected in cascade to form a new network such that 
T(ja)) = Ti{jco)T2{jcci), then the composite Bode plot is obtained by adding the individual ampUtude ratios 
Mjjji and Mjyi and phase angles ((/>! and ^2) associated with Ti(jco) and T2(jco) at each frequency. 



8.23 Show that (8.3) follows from the evaluation of fci and ^2 of (8.2). 
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8.24 An amplifier has a Laplace-domain transfer function (voltage-gain ratio) given by 

V K 
jl (t.) — Ll — 2l 

Vi (,s + 100)(i-H 10') 

(a) If an asymptotic Bode plot of A^,(jcci) is made, over what values of frequency (in the midfrequency range) 
is the gain constant in amplitude? (h) Find the midfrequency gain in decibels K,= \(f. (c) Within 2 
percent accuracy, over what range of frequencies is the exact gain constant? 

Ans. (a) 100 < ft> < 10^ rad/s; (b) M^^m = 60 db; (c) M^j > 58.8 db for 500 < a. < 5 x lO'* rad/s 



8.25 In Problem 8.19, the gain of the FET amplifier does not depend on the Miller capacitance however, the 
situation changes if the source resistance is nonzero, (a) Add a source resistance Rj to Fig. 8-26, and find an 
expression for the voltage-gain ratio, (b) Evaluate the gain for Rj — 0 and for R^ — 100 f2 if C^, — 3pF, 
C,fc = 1 pF, Cgi = 2.7pF, r,,j = 50kQ,g„, = 0.016S, R^^ Rd^ 2kf^. Rq = 1 MQ.. and/ = 50 MHz. 

An, (a) A(s)^ -g..,Ral(R. + Rg) 

+ C,„) + g,,, + Go + GiJs(Ra\\R,){C,, + C„) + 1] 

(h) For Ri = 0, A, = 10.348 1131.53 °: for R, = 100, A„ = 3.49 161.26 ° 



8.26 Consider the high-pass filter circuit of Fig. 8-15(fl). (a) Show that as m becomes large, the amplitude ratio 
Mji, actually approaches 20 log[J?i/(J?i -I- Rg)] as indicated in Fig. 8-15(/)). {h) Show that \M^ijcoi^)\, where 

= \/C(Rl + Rs), has the value i [^^(yoo)! = i[i?i/(J?i + Rs)f. 

8.27 In the high-pass filter circuit of Fig. 8-15(a), the source impedance R^ — 5kQ. If the circuit is to have a 
high-frequency gain of 0.75 and a break or cutoff frequency of 100 rad/s, size Ri^ and C. 

Ans. Rt^lSkn.C ^O.SiiF 



8.28 In the circuit of Fig. 3-20, replace Vg with a sinusoidal source to give the small-signal circuit of Fig. 8-6. 
(a) If the impedance of the coupling capacitor is not negligible, find the current-gain ratio Ai{s) = Il/^s- 
(h) Determine the low-frequency cutoff point. 

Ans. (a) Aj = hfi,Rjj/(Rg + hii,); (h) the gain is independent of frequency down to / = 0 

8.29 Show that the RC network of Fig. 8-29 is a high-pass filter. Determine its low-frequency cutoff point. 

Vq ^ R2 + R3 sR2R3C3/(R2 + R3)+^ ^ ^ Rt+R2 + R3 

Vs Rt+R2+R3S(Rt+R2)R3C,/iRt+R2 + R3)+l («, + A2)«3C3 



fii 
■vW- 




Fig. 8-29 



8.30 The amplifier of Fig. 3-10 is modeled for small-signal operation by Fig. 8-4. Let Cc 00, C^- — 100 fiF, 
Re = 100^, Rc = Rl = ^ kf^, hj^ — 200 f2 and ly-^ — 75. Determine (a) the low-frequency voltage gain, 
(h) the midfrequency gain, and (c) the low-frequency cutoff point. 
Ans. (a) -9.62; (b) - 375; (c) 3750 rad/s 
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8.31 For the amplifier of Fig. 3-10, show that if the source internal impedance Rj is not negKgible, but 
Ri <SC i?j = i?i||i?2> then the low-frequency cutolf point is given by 

^ (hie + Jij) + (hfe + 

"'^ RECeihie + Ri) 

8.32 Show that, for the amplifier of Fig. 3-10 as described in Problem 8.5, ii Rg ^ Re + hi^, then the current-gain 
ratio becomes independent of frequency. 

8.33 In the ampKfler of Fig. 3-10, let Cc oo, Ce = 100 /xF, Re = 20kf2, A.^, = 100 hf^ = 75, Rc = Rl = 
2kS2, i?! = 2kS2, and = 20kC2. Determine (a) the low-frequency current gain, (6) the midfrequency 
current gain, and (c) the low-frequency cutoff point. 

A?ts. (a) -3.11; (b) -35.54; (c) 5.71rad/s 

8.34 In the amplifier of Problem 8.6, let Rj = 500 Ci and all else remain unchanged. Determine the value of the 

emitter bypass capacitor required to ensure that < 200 Hz. Compare your result with that of Problem 8.6 
to see that consideration of the source internal impedance allows the use of a smaller bypass capacitor. 
(Hint: See Problem 8.31.) Ans. Ce > 101.3 /xF 

8.35 In the amplifier of Fig. 3-10, Cc oo, R, = 500 Q, Re = 30kf2, i?, = 3.2kJ2, R2 = 17kQ, = 10kS2, 
h„g — h„ — 0, hfc = 100, and — 100 f^. Determine Rc and Ce so that the amplifier has a midfrequency 
current-gain ratio |^,| > 30 with low-frequency cutoff//, > 20 Hz. (Hint: See Problem 8.5.) 

Am. Rc > 4517.8 il, Cj; > 3.13 /zF 

8.36 In the CE amplifier of Fig. 3-10, let Cc ^ 00, C^^lOO/iF, Re ^ 100 Ri^O, R^^SkQ, 
Rc = Ri = 2kQ, h„^, = /;,.^, = 0, hj^ — 75, and hj^ — 1 kS2. The small-signal ac equivalent circuit is given 
by Fig. 8-4. If a sinusoidal signal u,- = V„ smcot is impressed (with w = 400rad/s), determine (a) the phase 
angle between vi and (b) the phase shift between input and output voltages, and (c) the phase shift 
between input and output currents. 

Ans. (a) Current leads voltage by 35.52°; (b) output voltage lags input voltage by 128.98°; (c) output 
current lags input current by 180° 

8.37 In the amplifier of Problem 8.13, let Ce = 200 /iF, Cc = 10 /iF, Re ^ 50Q, Rc = Rl^2 kQ, Rf = 100, 
Ke = Ke = Oj hie = 1 and hf^ = 50. (a) Sketch the asymptotic Bode plot (M^ only) for the voltage-gain 
ratio, (b) Is the 3-db attenuation point below 40 Hz? 

Ans. (a) ^^(i') = -0.548.v(0.0Lv+ l)/[(0.04^+ l)(0.0030b-l- 1)]. The associated Bode plot is given in Fig. 

8-30; (h) no, because Mj,,(Joo) - Mj,,(jmjT) = 3.79 db 

8.38 In the CE amplifier of Example 8.7, let g„ = 0.035 S, j-^ = 8 kf2, = 30 Q, Rc = Rl = 10 kS2, C„ = 10 pF, 
and = 2 pF. (a) Determine the high-frequency cutolf point, (b) Find the midfrequency gain. 

Ans. (a) f„ = 16.49 MHz; (b) A^^ = -174.3 

8.39 In the CB ampHfier of Problem 8.17, let Rg = 100 Re = I kQ, Rc = Rl = WkQ, C^ = 2 pF, C„ = 40 pF, 
g„ = 0.035 S, and = 5 kCt. Determine (a) the midfrequency gain and (b) the high-frequency cutoff 
point. Ans. (a) A^^ = 31 (Z)) /jy = 15.91 MHz 

8.40 Add a source resistance i?, to the high-frequency small-signal equivalent circuit for the CS amplifier given by 
Fig. 8-11. Let Cg, = 3pF, Cj, = lipF, Cgj = 2.7pF,rj, = SOkQ, g„ = 0.016S, i?^ = iJ^ = 2 kJ2, and 
Rg = 1 Mf2. Determine the high-frequency cutoff point (a) with Rj = 0 and (b) with i?, = 100. 

Ans. (a) = 43.875 MHz; (/>) = 13.69 MHz 

8.41 For the hybrid-7r model of a CB BJT amplifier circuit given by Fig. 8-24, let Re = 200 ^2, Rc = Rl = 10 kQ, 

= 25 Q, r„ = 5kS2, g„ = 0.02 S, and C^ = C„ = 2pF. Use SPICE methods to determine the midfre- 
quency voltage gain and the high-frequency cutoff point. (Netlist code available at the author's website^ 
Ans. A^^ii = 100, fu = 16.1 MHz 
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Fig. 8-30 



8.42 The CS JFET amplifier of Fig. l-2(a) is modeled by the equivalent circuit of Fig. 8-22 for low-frequency 
operation. Let Rq = 500 kQ, = 500 f2, «a = 3 kf^ , Q = 10 /xF, /x = 60, and r^, = 30 kf^ . Use SPICE 
methods to determine the low-frequency cutoff point. (Netlist code available at the author's website.) 
Atis. A = 40.9 Hz 



Operational Amplifiers 



9.1. INTRODUCTION 

The name operational amplifier (op amp) was originally given to an amplifier that could be easily 
modified by external circuitry to perform mathematical operations (addition, scaling, integration, etc.) in 
analog-computer apphcations. However, with the advent of solid-state technology, op amps have 
become highly reliable, miniaturized, temperature-stabilized, and consistently predictable in perfor- 
mance; they now figure as fundamental building blocks in basic amplification and signal conditioning, 
in active filters, function generators, and switching circuits. 



9.2. IDEAL AND PRACTICAL OP AMPS 

An op amp amplifies the difference v^j = v\ — vo between two input signals (see Fig. 9-1), exhibiting 
the open-loop voltage gain 

AoL^- (9.1) 

In Fig. 9-1, terminal 1 is the inverting input (labeled with a minus sign on the actual amplifier); signal Vx is 
amplified in magnitude and appears phase-inverted at the output. Terminal 2 is the noninverting input 
(labeled with a plus sign); output due to V2 is phase-preserved. 
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In magnitude, the open-loop voltage gain in op amps ranges from lO'' to lO'. The maximmn 
magnitude of the output voltage from an op amp is called its saturation voltage; this voltage is approxi- 
mately 2 V smaller than the power-supply voltage. In other words, the amplifier is linear over the range 

-(Vcc-2)<v„<Vcc-2V {9.2) 

The ideal op amp has three essential characteristics which serve as standards for assessing the goodness 
of a practical op amp: 

1. The open-loop voltage gain Aql is negatively infinite. 

2. The input impedance R^i between terminals 1 and 2 is infinitely large; thus, the input current is 
zero. 

3. The output impedance Rg is zero; consequently, the output voltage is independent of the load. 
Figure 9-1 (a) models the practical characteristics. 

Example 9.1. An op amp has saturation voltage V„^.^i — 10 V, an open-loop voltage gain of — lO', and input 
resistance of 100 kf^. Find (a) the value of that will just drive the amplifier to saturation and (b) the op amp 
input current at the onset of saturation. 



(a) By(9.i), 



vj = = y — ±0. 1 mV 

" AoL -105 



(h) Let !i„ be the current into terminal 1 of Fig. 9-l(/?); then 

±0.1 X 10--' , , ^ 

'in = — = 5- = ±1 nA 

Rj 100 X 10' 

In application, a large percentage of negative feedback is used with the operational amplifier, giving 
a circuit whose characteristics depend almost entirely on circuit elements external to the basic op amp. 
The error due to treatment of the basic op amp as ideal tends to diminish in the presence of negative 
feedback. 



9.3. INVERTING AMPLIFIER 

The inverting amplifier of Fig. 9-2 has its noninverting inpvit connected to ground or common. A 
signal is applied through input resistor and negative current feedback (see Problem 9.1) is imple- 
mented through feedback resistor Rp. Output Vg has polarity opposite that of input vg. 




Fig. 9-2 Inverting amplifier 



Example 9.2. For the inverting amplifier of Fig. 9-2, find the voltage gain v^/vg using (a) only characteristic 1 
and [h) only characteristic 2 of the ideal op amp. 
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(a) By the method of node vohages at the inverting input, the current balance is 

- Vd _|_ '"o - Vd ^ . ^ ^ 
R[ Rp Rj 



(9.3) 



where Rj is the differential input resistance. By (9.1), = v„/Aol which, when substituted into (9.3), gives 



R, 



- + 



R, 



(9.4) 



In the limit as Ar 



-oo, (9.4) becomes 



— + — = 0 so that 
Ri Rf 



Rp 



(9.5) 



(h) If 4„ = 0, then — ii^Rj — 0, and i[ 



i. The input and feedback-loop equations are, respectively. 



vc — iR, 



and 



-iRp 



whence 

in agreement with (9.5). 



(9.6) 



9.4. NONINVERTING AMPLIFIER 

The nonimerting amplifier of Fig. 9-3 is realized by grounding of Fig. 9-2 and applying the input 
signal at the noninverting op amp terminal. When V2 is positive, is positive and current i is positive. 
Voltage vi = then is applied to the inverting terminal as negative voltage feedback. 




Fig. 9-3 Noninverting amplifier 



Example 9.3. For the noninverting amplifier of Fig. 9-3, assume that the current into the inverting terminal of the 
op amp is zero, so that 0 and V2. Derive an expression for the voltage gain v^y/vj. 

With zero input current to the basic op amp, the currents through R2 and Rx must be identical; thus. 



R^ 



R, 



and 



i>2 ?;i 



1 + 



(9.7) 



9.5. COMMON-MODE REJECTION RATIO 

The common-mode gain is defined (see Fig. 9-1) as 



^c™--- (9.8) 

V2 
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where V[ = V2 by explicit connection. Usually, A^.^ is much less than unity (^„„ = —0.01 being typical). 
Common-mode gain sensitivity is frequently quantized via the common-mode rejection ratio (CMRR), 
defined as 



and expressed in decibels as 



CMRR = ^ (9.9) 



CMRRrfj = 20 log ^ = 20 log CMRR {9.10) 



Typical values for the CMRR range from 100 to 10,000, with corresponding CMRR^//, values of from 40 
to 80 db. 

Example 9.4. Find the voltage-gain ratio A„ of the noninverting amplifier of Fig. 9-3 in terms of its CMRR. 
Assume — V2 insofar as the common-mode gain is concerned. 

The amphfier output vohage is the sum of two components. The first results from amplification of the 
difference voltage vj as given by {9.1). The second, defined by (9.5), is a direct consequence of the common- 
mode gain. The total output voltage is, then, 

■Vo = AolVj - A,„V2 {9.11) 

Voltage division (with — 0) gives 



R 



vj = vi-V2= v„ - V2 {9.12) 

K[ + K2 

and substituting {9.12) into {9.11) and rearranging give 

Vo[^-^f^^--{Ao. + A,Jv2 

Then A ^ ^° = "(^ol + ^.J ^ -^ol ^p^/CMRR 

" f2 1 - AolRJ{Ri +Ri) 1 - AoLRd{Ri +R2) 1 - AolR,/{Ri +R2) 



9.6. SUMMER AMPLIFIER 

The inverting summer amplifier (or inverting adder) of Fig. 9-4 is formed by adding parallel inputs to 
the inverting amplifier of Fig. 9-2. Its output is a weighted sum of the inputs, but inverted in polarity. 
In an ideal op amp, there is no limit to the number of inputs; however, the gain is reduced as inputs are 
added to a practical op amp (see Problem 9.31). 



vsi 



— vw 



— vw 




Fig. 9-4 Inverting summer amphfier 



Example 9.5. Find an expression for the output of the inverting summer amplifier of Fig. 9-4, assuming the basic 
op amp is ideal. 
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We use the principle of superposition. With Vg2 ~ I'ss ~ 0. the current in Ri is not affected by the presence of 
R2 and i?3, since the inverting node is a virtual ground (see Problem 9.1). Hence, the output voltage due to vg\ is, by 
(9.5), = —{Rf/Ri)vs\. Similarly, v„2 = ~(J^f/J^2)'"S2 and — —{Rf/R2)vsi. Then, by superposition, 

Vo = fol + Vol + l-oS = I ^ II2 



9.7. DIFFERENTIATING AMPLIFIER 

The introduction of a capacitor into the input path of an op amp leads to time differentiation of the 
input signal. The circuit of Fig. 9-5 represents the simplest inverting differentiator involving an op amp. 
As such, the circuit finds limited practical use, since high-frequency noise can produce a derivative whose 
magnitude is comparable to that of the signal. In practice, high-pass filtering is utilized to reduce the 
effects of noise (see Problem 9.7). 




Example 9.6. Find an expression for the output of the inverting differentiator of Fig. 9-5, assuming the basic op 
amp is ideal. 

Since the op amp is ideal, vj ^ 0, and the inverting terminal is a virtual ground. Consequently, appears 
across capacitor C: 

But the capacitor current is also the current through R (since — 0). Hence, 

V, = -IpR = -isR = -RC ^ 



9.8. INTEGRATING AMPLIFIER 

The insertion of a capacitor in the feedback path of an op amp results in an output signal that is a 
time integral of the input signal. A circuit arrangement for a simple inverting integrator is given in Fig. 
9-6. 



Example 9.7. Show that the output of the inverting integrator of Fig. 9-6 actually is the time integral of the input 
signal, assuming the op amp is ideal. 

If the op amp is ideal, the inverting terminal is a virtual ground, and vs appears across R. Thus, = Vs/R- 
But, with negligible current into the op amp, the current through R must also flow through C. Then 



if dt - 



1 

C . 



is dt ■- 



1 



vsdt 
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IV 




4 





Fig. 9-6 Integrating amplifier 



9.9. LOGARITHMIC AMPLIFIER 

Analog multiplication can be carried out with a basic circviit like that of Fig. 9-7. Essential to the 
operation of the logarithmic amplifier is the use of a feedback-loop device that has an exponential 
terminal characteristic curve; one such device is the semiconductor diode of Chapter 2, which is char- 
acterized by 

(9.14) 




Fig. 9-7 Logarithmic amplifier 



A grounded-base BJT can also be utilized, since its emitter current and base-to-emitter voltage are 
related by 



= he 



{9.15) 



Example 9.8. Determine the condition under which the output voltage v,, is proportional to the logarithm of the 
input voltage i;, in the circuit of Fig. 9-7. 

Since the op amp draws negligible current. 



~ — ~ In 
' R " 

Since = —v^, substitution of {9.16) into {9.14) yields 

Taking the logarithm of both sides of {9.17) leads to 

Inu, = \nRL- — 



{9.16) 



{9.17) 



{9.18) 



Under the condition that \nRI„ is negligible (which can be accomphshed by controlhng R so that RI„ ^ 1), {9.18) 
gives ^ —Vj- In Vj. 
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9.10. FILTER APPLICATIONS 

The use of op amps in active RC filters has increased with the move to integrated circuits. Active 
fiher realizations can eliminate the need for bulky inductors, which do not satisfactorily lend themselves 
to integrated circuitry. Fvirther, active filters do not necessarily attenuate the signal over the pass band, 
as do their passive-element counterparts. A simple inverting, first-order , low-pass filter using an op amp 
as the active device is shown in Fig. 9-8(a). 




Fig. 9-8 First-order low-pass filter 



Example 9.9. (a) For the low-pass filter whose .s-domain (Laplace-transform) representation is given in Fig. 
9-%(a), find the transfer function (voltage-gain ratio) A^,(s) — V„(s)l Vg(s). (h) Draw the Bode plot (Mjf, only) 
associated with the transfer function, to show that the filter passes low-frequency signals and attenuates high- 
frequency signals. 

(a) The feedback impedance Zf(s) and the input impedance Zi(.s) are 

Zf(s)^ ^(lAO ^ R ^ Z,(.v) = i^, (9.19) 

' R + (l/sC) sRC+\ iw 1 ^ J 

The resistive circuit analysis of Example 9.2 extends directly to the s domain; thus, 

(h) Letting s = jco in (9.20) gives 

M,, ^ 20 log \A„(M\ = 20 log ^ - 20 log \jcoRC + 1 1 

A plot of Mji, is displayed in Fig. 9-8(h). The curve is essentially flat below co = 0.1 /RC; thus, all frequencies 
below 0.1 /RC are passed with the dc gain R/R[. A 3-db reduction in gain is experienced at the corner 
frequency 1/r = 1/RC, and the gain is attenuated by 20 db per decade of frequency change for frequencies 
greater than 10/RC. 



9.11. FUNCTION GENERATORS AND SIGNAL CONDITIONERS 

Frequently in analog system design, the need arises to modify amplifier gain in various ways, to 
compare signals with a generated reference, or to limit signals depending on their vahies. Such circuit 
applications can often be implemented with the high-input-impedance, low-output-impedance and high- 
gain characteristics of the op amp. The possibilities for op amp circuits are boundless; typically, 
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however, nonlinear elements (such as diodes or transistors) are introduced into negative feedback paths, 
while hnear elements are used in the input branches. 



Example 9.10. The signal-conditioning amplifier of Fig. 9-9 changes gain depending upon the polarity of vg. 
Find the circuit voltage gain for positive vg and for negative vg if diode D2 is ideal. 



«3 




Fig. 9-9 



If vg > 0, then v„ < 0 and D2 is forward-biased and appears as a short circuit, 
resistance is then 



and, by (9.5), 



R2 + R} 

Rpeq _ 



Rl(R2 + J<i) 

If vg < 0, then v„ > 0 and O2 is reverse-biased and appears as an open circuit, 
resistance is now Rf^g = R^, and 

Rferi _ R3 

li^^'Rl 



A,., 



The equivalent feedback 



{9.21) 

The equivalent feedback 
(9.22) 



9.12. SPICE OP AMP MODEL 

Figure 9-1 (a) presents the equivalent circuit model of the op amp using a VCVS to implement the 
gain. This circuit is easily realized by SPICE methods using the VCVS model of Fig. 1-2 and Table I-l. 
It is frequently convenient to describe the op amp through use of a subcircuit as illustrated by the 
following netlist code: 



.SUBCKT OPAMP 1 


2 


3 


4 


* Model Inv 


Ninv 


Out 


Com 


Rd 1 2 500kohm 








E 5 4 (1,2) -le5 








Ro 5 3 lOOohm 








.ENDS OPAMP 









The nodes are labeled in Fig. 9-l(fl). Input impedance {Rj = 500 kS2), output impedance (Rg = 100 Q,), 
and open-loop voltage gain (Aql = — 1 x 10^) are typical values that can be changed if an application 
warrants. Also, SPICE hbraries usually contain subcircuit models of commercially available op amps 
that can be utilized. 
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Example 9.11. Use SPICE methods to model the noninverting amplifier of Fig. 9-3 if the op amp has the 
parameter values of the subcircuit OPAMP above. Let Vg = 0.5 sin(2000n^0 V, iJi = 1 kf2, and i?2 = 10 kS2. Verify 
that the voltage gain predicted by (9.7) results. 

Nethst code describing the circuit is shown below: 



Ex9_ll . CIR 




vs 1 0 SIN(OV 0.5V IkHz) 




Rl 2 0 Ikohm 




R2 3 2 lOkohm 




XA 1 2 3 0 OPAMP 




.SUBCKT OPAMP 12 3 


4 


* Model Inv NInv Out 


Com 


Rd 1 2 SOOkohm 




E 5 4 (1,2) -le5 




Ro 5 3 lOOohm 




.ENDS OPAMP 




.TRAN lus 2ms 




.PROBE 




.END 





Execute {Ex9_ll.CIR> and use the Probe feature of PSpice to plot Fig. 9-10. By use of the marked values of Fig. 
9-10, 




-6.0 V-l- r 1 

0 s 1 . 0 ms 2 . 0 ms 

□ V(l) ♦ V(3) 

Time 



Fig. 9-10 

The voltage gain predicted by (9.7) is 

, R2 , 10 X 10^ , , 
Rl 1 X 10' 



Hence, (9.7) is validated. 
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Example 9.12. Model the first-order low-pass filter of Fig. 9-8(a) by SPICE methods where the op amp is 
characterized by the parameters of subcircuit OP AMP. Let i?i = 1 kfi, R = 10kS2, and C = 0.1 /^F to give a corner 
frequency = l/lnr = X/lnRC = 159.1 Hz. Show that the gain magnitude characteristic of Fig. 9-8(6) results. 

The netlist code that follows describes the circuit where a frequency sweep from 10 Hz to 10 kHz is specified to 
give a reasonable band on either side of the corner frequency /,.: 



Ex9_12.CIR 






vs 1 0 AC IV 






Rl 1 2 Ikohm 






R 2 3 lOkohm 






C 2 3 0. luF 






XA 2 0 3 0 OPAMP 






.SUBCKT OPAMP 1 2 


3 


4 


* Model Inv NInv 


Out 


Com 


Rd 1 2 SOOkohm 






E 5 4 (1,2) -le5 






Ro 5 3 lOOohm 






.ENDS OPAMP 






.AC DEC 200 lOHz lOkHz 






.PROBE 






.END 







Execute {Ex9_12.CIR> and use the Probe feature of PSpice to plot the gain magnitude as shown in Fig. 9-11. 
The low-frequency gain magnitude is seen to have the value predicted by the results of Example 9.9. 




db 



-20+ r I 

10 Hz 1.0 KHz 100 KHz 

□ DB(V(3)/V(1)) 

Frequency 

Fig. 9-11 



The gain magnitude has decreased from the low-frequency value of 20 db to 17db (drop of 3db) at the corner 
frequency /<. = 1 59 . 1 Hz. Clearly, the gain magnitude decreases by 20 db per decade of frequency for values of high 
frequency. Hence, the characteristic of Fig. 9-i{b) is verified. 
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Solved Problems 



9.1 For the inverting amplifier of Fig. 9-2: (a) Show that as Aql —oo, vj 0; thus, the inverting 
input remains nearly at ground potential (and is called a virtual ground), (b) Show that the 
current feedback is actually negative feedback. 

(a) By KVL around the outer loop, 

vs-v„ = iiRi + ipRp (1) 
Using (9.1) in (7), rearranging, and taking the limit give 

hm vj = hm = 0 (2) 

(b) The feedback is negative if ;> counteracts ii ; that is, the two currents must have the same algebraic sign. 
By two applications of KVL, with vj Rs 0, 

and i, = =^^^ 
Ri Ri Rf Rf 

But in an inverting amplifier, t)„ and vs have opposite signs; therefore, ii and if have hke signs. 

9.2 (a) Use (9.4) to derive an exact formula for the gain of a practical inverting op amp. (b) If 
Ri = I kn, Rp = lOkQ, = I kn, and = — lO", evaluate the gain of this inverting 
amplifier, (c) Compare the result of part b with the ideal op amp approximation given by (9.5). 

(a) Rearranging (9.4) to obtain the voltage-gain ratio gives 



Vs \+(RJRf)(\-AoL)+RilRd 
(b) Substitution of the given values yields 



(e) From (9.5), 



so the error is 



A — — _Q 979 

" 1 + (1/10X1 + 10") + 1/1 



^1 



-9.979 - (-10) 

^ -^^(100%) = -0.21% 



-9.979 

Note that R^ and Aql are far removed from the ideal, yet the error is quite small. 

9.3 A differential amplifier (sometimes called a subtracter) responds to the difference between two 
input signals, removing any identical portions (often a bias or noise) in a process called common- 
mode rejection. Find an expression for v„ in Fig. 9-12 that shows this circuit to be a differential 
amplifier. Assume an ideal op amp. 

Since the current into the ideal op amp is zero, a loop equation gives 

vi = vsi - Rh =vsi-R ^^^^ 



By voltage division at the noninverting node, 



Ri 
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In the ideal op amp, vj = 0, so that vi = V2, which leads to 

""0 = -^ (""SI - ■"sO 

Thus, the output voltage is directly proportional to the dilference between the input voltages. 




'in 




+ 















Fig. 9-12 Differential amplifier 



Fig. 9-13 Unity follower 



9.4 Find the input impedance Z, of the inverting amplifier of Fig. 9-2, assuming the basic op amp is 
ideal. 

Consider a driving-point source. Since the op amp is ideal, the inverting terminal is a virtual ground, 
and a loop equation at the input leads to 

i), = /i 1 + 0 so that Zi = — = 1 

h 



9.5 The unity-follower amplifier of Fig. 9-13 has a voltage gain of 1, and the output is in phase with 
the input. It also has an extremely high input impedance, leading to its use as an intermediate- 
stage {buffer) amplifier to prevent a small load impedance from loading a source. Assume a 
practical op amp having Aqj^ = —10^ (a typical value), (a) Show that « Vg. (h) Find an 
expression for the amplifier input impedance, and evaluate it for = \ yiQ, (a typical value). 

(a) Writing a loop equation and using (9.1), we have 

from which v„ = ^ = — ^-^-^ = 0.9999991;^ « vg 

1 ~ l/^OL 1+10 

(li) Considering a driving-point source and using (9.1), we have 

and Zi„ = ^ = Rd(l - Aod ^ -AoL^d = -(-10«)(10'') = 1 TO. 

'in 



9.6 Find an expression for the output v„ of the amplifier circuit of Fig. 9-14. Assume an ideal op 
amp. What mathematical operation does the circuit perform? 
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The principle of superposition is applicable to this linear circuit. With Vg2 = 0 (shorted), the voltage 
appearing at the noninverting terminal is found by voltage division to be 



Let v„i be the value of d„ with Vs2 = 0. By the result of Example 9.3 and (7), 
Similarly, with vgi = 0, 

VS2 

By superposition, the total output is then 



The circuit is a noninverting adder. 



9.7 The circuit of Fig. 9-15(fl) (represented in the s domain) is a more practical differentiator than that 
of Fig. 9-5, because it will attenuate high-frequency noise. (a) Find the .v-domain transfer 
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function relating Vg and Vg- (h) Sketch the Bode plot (M^i, only), and how high-frequency noise 
effects are reduced. Assume an ideal op amp. 

(a) In an ideal op amp the inverting terminal is a virtual ground, so Is(s) = — CO- As in Example 9.9, 
Then ,^(,,^_^__(.^(,) 

But Vs(s) = Is(s)ZJs) = -IA-^)ZJs) = - ^^^^ V,{s) + ^ 



whence A(s) = — , ,2 



sC 

V„is) ^ sRC 
VsU) (sRC + if 



(h) From the result of part a, 

Mji, = 20 log \A{Jm)\ = 20 logcoRC - 40 log \JwRC +11 



201og£t>i?C fora>i?C<l 
-201ogMi?C formi?C>l 



Figure 9-15(fc) is a plot of this approximate (asymptotic) expression for M^i,. For a true differentiator, 
we would have 

Vo = K^ or V„ = sKVs 

which would lead to M^f, — 201og£i;Ar. Thus the practical circuit differentiates only components of the 
signal whose frequency is less than the break frequency f\ = l/lnRCHz. Spectral components above 
the break frequency — including (and especially) noise — will be attenuated; the higher the frequency, the 
greater the attenuation. 



9.8 In analog signal processing, the need often arises to introduce a level clamp (linear amplification 
to a desired output level or vakie and then no further increase in output level as the input 
continues to increase). One level-clamp circviit, shown in Fig. 9-16(fl), uses series Zener diodes 
in a negative feedback path. Assuming ideal Zeners and op amp, find the relationship between Vg 
and Vg. Sketch the results on a transfer characteristic. 




(a) (b) 
Fig. 9-16 



272 



OPERATIONAL AMPLIFIERS 



[CHAP. 9 



Since the op amp is ideal, the inverting terminal is a virtual ground, and v„ appears across the parallel- 
connected feedback paths. There are two distinct possibilities: 

Case I: vg > 0. For u,, < 0, Z2 is forward-biased and Zj reverse-biased. The Zener feedback path is an 
open circuit until u,, — —Vz\ \ then Z\ will limit d„ at — Vz\ so that no further negative excursion is possible. 

Case II: < 0. For > 0, Zi is forward-biased and Z2 reverse-biased. The Zener feedback path acts 
as an open circuit until reaches Vzi, at which point Z2 limits u„ to that value. In summary, for both cases, 



for vg 
for — 



Vz2 



for 



's 



Figure 9-16(/)) gives the transfer characteristic. 



9.9 The circuit of Fig. 9-17 is an adjustable-output voltage regulator. Assume that the basic op amp is 
ideal. Regulation of the Zener is preserved if > O.l/^ (Section 2.10). (a) Find the regulated 
output Vg in terms of Vz- (h) Given a specific Zener diode and the values of i?5 and Ri, over 
what range of Vg would there be no loss of regulation? 




Fig. 9-17 



(a) Since Vz is the voltage at node a, (9.5) gives 

So long as iz > 0.1/z, a regulated value of v„ can be achieved by adjustment of R2. 
(h) Regulation is preserved and the diode current iz — is — '1 does not exceed its rated value Iz if 

Kc - K7 Vz 
0.1/z < is - h < Iz or 0.1/z < \ - 

Ks «| 

or 0. UzRs + {\ + '^Vz<Vs< IzRs + (l + ^ 



9.10 



The circuit of Fig. 9-I8(fl) is a limiter; it reduces the signal gain to some limiting level rather than 
imposing the abrupt clamping action of the circuit of Problem 9.8. (a) Determine the limiting 
value Vi of at which the diode D becomes forward-biased, thus establishing a second feedback 
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path through i?3. Assume an ideal op amp and a diode characterized by Fig. 2-2(a). (h) Deter- 
mine the relationship between v„ and vg, and sketch the transfer characteristic. 

(a) The diode voltage V[, is found by writing a loop equation. Since the inverting input is a virtual ground, 
v„ appears across R2 and 



V -V 

J<3 + «4 



When vd — (i,Va — V^, and (I) gives 



{2) 



(h) For > Vg, the diode blocks and R2 constitutes the only feedback path. Since /[ — 12, 



Ro 



(3) 



For v„ < Vf, the diode conducts and the parallel combination of R2 and R^ forms the feedback path. 
Since now = i2 + + 14, 



It follows from (2), (3), and (4) that 
R2 



R, 



^3 R-j 



■ ■ 



R2 ~\~ R'i R\ R2 ~\~ R3 R4 
This transfer characteristic is plotted in Fig. 9-l8{h). 



^2 ^3 ^4 



for vs <^V 
^ ^ V for vs > V 



Rj Ri 



9.11 What modifications and specifications will change the circuit of Fig. 9-[6(a) into a 3-V square- 
wave generator, if = 0.02 sin a)t V? Sketch the circviit transfer characteristic and the input and 
output waveforms. 
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Modify the circuit by removing Rj, and specify Zener diodes such that Vz\ = Vz2 = 3 V. The transfer 
characteristic of Fig. 9-16(h) will change to that of Fig. 9-l9{a). The time relationship between and u,, will 
be that displayed in Fig. 9-19(6). 





3 




-3 









^0 
















I ^ 








k t 


t 













ib) 



Fig. 9-19 



9.12 Design a first-order low-pass filter with dc gain of magnitude 2 and input impedance 5 kS2. The 
gain should be flat to 100 Hz. 

The filter is shown in Fig. 9-8. For an ideal op amp, Problem 9.4 gives = = 5 kO.. The dc gain is 
given by (9.20) as ^(0) = -RIR\ , whence R = 2Ri = lOkQ. Figure 9-8(6) shows that the magnitude of the 
gain is flat to &; = OA/RC, so the capacitor must be sized such that 

0.1 0.1 



27tfR 24100)(10 X 103) 



15.9nF 



9.13 The analog computer utilizes operational amplifiers to solve differential equations. Devise an 
analog solution for ;(/), ? > 0, in the circuit of Fig. 9-20(a). Assume that you have available an 
inverting integrator with unity gain (R\Ci = 1), inverting amplifiers, a variable dc source, and a 
switch. 



For t > 0, the governing differential equation for the circuit of Fig. 9-20(a) may be written as 



d[^_n R . 
dt L l' 



(1) 



The sum on the right side of (1) can be simulated by the left-hand inverting adder of Fig. 9-20(6), where 
= —di/dt and where R2 and Rj are chosen such that Ri/R2 = R/L. Then v„2 = ~ J'^oi dt wiU be an 
analog of i(t), on a scale of 1 A/V. 



9.14 Find the relationship between Vg and u; in the circuit of Fig. 9-21. 

Since the inverting terminal is a virtual ground, the Laplace-domain input current is given by 

J V, ^ V,{sRC+\) 

' R + {R\\\lsC) sR^C + lR 

With zero current flowing into the op amp inverting terminal, current division yields 

/ ^1 1 VjsRC+X) ^ V, 

^ ' R^XjsC ' sRC + I R{sRC + 2) R(sRC + 2) 
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(b) 
Fig. 9-20 



C/2 C/2 




Again, because the inverting terminal is a virtual ground, 

K„ sC{sRC + 4) 



1 1 

sC/l ^ sC/l 



R 4(sRC + 2) ° 



and, by current division. 



-R/2 



, -sRC .■iC(sRC + 4) ,^ 

^2 — T , ^ , n ^3 — ^T^; 7 ., ^ — ■ 



l/sC + R/l ' sRC + 4 4{sRC + 2) " 4{sRC + l) 
Equating the two expressions for I2 yields a Laplace-domain expression relating K„ and K,-: 

4 



s'-R^C- 



or, after inverse transformation. 



(RCf 



V: dt dt 



{1) 
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9.15 The circuit of Fig. 9-22 is, in essence, a noninverting amplifier with a feedback impedance Z/y and 
is known as a negative-impedance converter (NIC). Find the Thevenin or driving-point impe- 
dance to the right of the input terminals, and explain why such a name is appropriate. 




Fig. 9-22 



At the inverting node, the phasor input current is given by 

V - V 



so that 
Since ^ 0, 



I, ^In^ 



Ip 



V, - I;Z. 



V„ - V: 



so that 



Zp 

V — — V- + V- 



If {1} and (2) are equated and rearranged, they result in 

Z 



(2) 



(3) 



Observe that if Zp = Z^v, then the impedance Z appears to be converted to the negative of its value; 
hence the name. See Problem 9.16 for another example. 



9.16 (fl) Describe a circuit arrangement that makes use of the NIC of Problem 9.15 and Fig. 9-22, with 
only resistors and capacitors, to simulate a pure inductor, {h) If only four 10-k^^ resistors and a 
0.01-/xF capacitor are available for use in the circviit, determine the value of L that can be 
simvilated. 

(a) Consider the circuit of Fig. 9-23. According to (J) of Problem 9.15, 

ZiK] = — Z = Ji = — Ji 

™ Zp R 

and Z,N = - 1^ Z = - (-R) = sR^C ^ sL,„ 

Zp 1 /sC ' 

(h) The value of L^.^ is 

L,^ = R^C = (10Y(0.01 X 10-*) = 1 H 



CHAP. 9] 



OPERATIONAL AMPLIFIERS 



277 




Fig. 9-23 



9.17 The logarithmic amphfier of Fig. 9-7 has two undesirable aspects: Vj- and /„ are temperature- 
dependent, and lni?/„ may not be neghgibly small. A circuit that can overcome these short- 
comings is presented in Fig. 9-24. Show that if Q[ and Q2 are matched transistors, then v„ is 
truly proportional to Ini;^. 




Fig. 9-24 



In matched transistors, reverse saturation currents are equal. By KVL, with vi =^ 0, 
Taking the logarithm of both sides of {9.J5) leads to 



(1) 



""BE = In 



(2) 
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Now the use of (2) in (1), with /<- Z^, gives 



^£2 

4 



- Kr In 



(3) 



According to (i), d2 is the difference between two small voltages. Thus, if Vf. is several volts in magnitude, 
then «2 <SC Vr, and 



Ik:> — 



- "2 ^. 



Also, since I'l ^ 0, 

Thus, by (9.7) along with (J) to (5), 
A3 + ^4 



f 2 = - l^j 



In Us - ln( ^ I^R 



(5) 



(6) 



The selection of (Ri/R2)Vr — 1 forces the last term on the right-hand side of (6) to zero. Also, Rj can be 
selected with a temperature sensitivity similar to that of Vj-, to offset changes in Vj-. Further, it is simple to 
select R4/R3 S> 1, so that (6) becomes 

v„fv - Vr — in Vs 
R3 



9.18 The circuit of Fig. 9-25 is an exponential or inverse log ampliiier. Show that the output v„ is 
proportional to the inverse logarithm of the input v/. 



+ + 




Fig. 9-25 



Since the input current to the op amp is negligible, 

Ir^ 'd — 'o^ 

But since the inverting terminal is a virtual ground, Vd = Thus, 

v„ = -IrR fa -Riy''''^''^ = -RI„ In"' 



9.19 Having now at your disposal a logarithmic amplifier (Example 9.8 and Problem 9.17) and 
an exponential (inverse log) amplifier (Problem 9.18), devise a circuit that will multiply two 
numbers together. 
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Logarithmic 




Logaritlimic 
amplifier 

Fig. 9-26 



Since xy = ^;'"'^+'">'^ the circuit of Fig. 9-26 is a possible realization. 



9.20 Two identical passive RC low-pass filter sections are to be connected in cascade so as to create a 
double-pole filter with corner frequency at l/r = l/RC. (a) Will simple cascade connection of 
these filters yield the desired transfer function T(s) = (1/t)^/(s + l/r)^? (h) If not, how may the 
desired result be realized? 

(a) With simple cascading, the overall transfer function would be 

V. s^ + 3{l/r)s + i\/rf 

which has two distinct negative roots. The desired result is not obtained because the impedance 
looking into the second stage is not infinite, and thus, the transfer function of the first stage is not 
simply (1/t)/(.v+ 1/t). 

(h) The desired result can be obtained by adding a unity follower (Fig. 9-13) between stages (see Problem 
9.44), as illustrated in Fig. 9-27. 




Fig. 9-27 



9.21 (a) Find the transfer function for the circuit of Fig. 9-28. (h) In control theory, there is a 
compensation network whose transfer function is of the form (s + 1/T|)/(.s+ I/T2); it is called 
a lead-lag network if 1/T| < I/T2, and a lag-lead network if I/T2 < 1 /ti . Explain how the circuit 
of Fig. 9-28 may be used as such a compensation network. 
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(a) By extension of (9.5), 

n.,^^^-p^-^^^-^-i±l^ (i) 

Vs Zi "1 C2 s + \ jx-i 

.sRtC + 1 

where Tj = RiCi and T2 = RiCj- 
(h) To obtain unity gain, set C\ ~ Ci- To obtain a positive transfer function, insert an inverter stage eitlier 
before or after the circuit. Then, the selection of R^ > R2 yields I/T] < I/T2, giving the lead-lag 
network, and Ri < R2 results in I/T2 < I/tj, giving the lag-lead network. 




Fig. 9-28 Fig. 9-29 



9.22 Show that the transfer function for the op amp circuit of Fig. 9-29 is Vg/vj = 1. 

Because the op amp draws negligible current, 12 = 0. Hence, V2 = Vj. However, since vj 0, 
v\ V2 = Vj and 

I, — ^ 0 

' R 



Also, by the method of node voltages, 



Thus, vi = Vg and so v^jv^ = 1. 



- „ 

' IR 



9.23 Use an op amp to design a noninverting voltage source (see Problem 9.9). Determine the 
conditions under which regulation is maintained in your source. 

Simply replace the inverting amplitier of Fig. 9-17 with the noninverting amplifier of Fig. 9-3. Since the 
op amp draws negligible current, regulation is preserved if and R<^ are selected so that ;^ remains within 
the regulation range of the Zener diode. Specifically, regulation is maintained if 0.1/z < VgjRg < 7^. 



9.24 For the noninverting amplifier of Fig. 9-3: (a) Compare the expressions obtained for voltage 
gain with common-mode rejection (Example 9.4) and without (in the ideal amplifier of Example 
9.3), for Aql —00. (h) Show that if CMRR is very large, then it need not be considered in 
computing the gain. 
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{a) We let Aql — oo in (9.13), since that is implicit in Example 9.3: 



lim Ay = lim 



-AoL ^ -Aol/CMRR 



X-AolRiKRi+Ri) ^-AolRiI{Ri+Ri)\ 

Now we can compare (7) above with (9.7); the difference is the last term on the right-hand side of (7) 
above. 

(b) Let CMRR ^ oo in (7) above to get 

Ri 

lim ^„ = 1 + -i 

CMRR->oo 7?1 

which is identical to the ideal case of Example 9.3. 



9.25 The amplifier of Fig. 9-9 has been shown in Example 9.10 to be a signal-conditioning ampUfier 
with gain sensitive to the polarity of vs- Use SPICE methods to simulate this ampUfier if 
7?j = 10kS2 and R2 = = lOkQ,. Use the op amp model of Section 9.12. The ideal diode 
can be realized by specifying the emission coefficient « = 1 x 10~"^. Use the simulation results to 
vaUdate (9.21) and (9.22). 

The netlist code that describes the circuit is as follows: 



Prb9_25.CIR 

vs 1 0 SIN( OV 0.5V lOOOHz ) 

Rl 1 2 lOkohm 

R2 2 4 20kohm 

D2 4 3 DMOD 

R3 2 3 20kohm 

XI 2 0 3 0 OPAMP 

.SOBCKT OPAMP 12 3 4 

* Model Inv NInv Out Com 

Rd 1 2 SOOkohm 
E 5 4 (1,2) -le5 

Ro 5 3 lOOohm 
.ENDS OPAMP 

.MODEL DMOD D(n=le-10) ; Ideal diode 

.TRAN lus 2ms 

.PROBE 

.END 



Execute (Prb9_25.CIR) and use the Probe feature of PSpice to yield Fig. 9-30 where it is seen that for vg > 0, 
Ay = -0.5/0.5 = -1. By (9.21), the predicted gain is 

^ _ _ R2R3 __ (20 X 10^)(20 X 10') _ _j 
" ~ ~ i?i(7?2 + ^3) ~ ~ (10 X 103)(20 X 10' -I- 20 X 10') ~ ~ 

Thus, (9.21) is validated. 

From Fig. 9-30 for vg < 0, ^„ = -1/0.5 = -2. By (9.22), the expected gain is 

_ _7?3 _ _20 X 10^ _ 
" ~ "^rT" " 10 X 103 ~ 

Hence, (9.22) is also validated. 

9.26 Add an inverting amphfier (see Fig. 9-2) to the output for the circuit of Fig. 9-28 to give a positive 
transfer function. Select the resistor values for this inverting amphfier to adjust the low- 
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frequency voltage gain of the complete network to unity. Let C| = C2 = 0.001 /xF, = SOOkQ, 
and i?2=15kS^. Then from Problem 9.21, I/t, = 1/J?|C| = 2 x lO" rad/s > I/tz = 
I/R2C2 = 66.7krad/s, making the circuit a lag-lead network. Use SPICE methods to generate 
the Bode plot of this circuit over the frequency range from 100 Hz to 10 MHz. The op amp model 
of Section 9.12 is applicable. 

Netlist code describing the circuit is shown below: 



Prb9_26.CIR 




vs 1 0 AC IV 




Rl 1 2 SOOohm 




CI 1 2 O.OOluF 




R2 2 3 ISkohm 




C2 2 3 O.OOluF 




XI 2 0 3 0 OPAMP 




* Inverting amplifier to set 




* dc gain to unity 




R3 3 4 ISkohm 




R4 4 5 SOOohm 




X2 4 0 5 0 OPAMP 




.SUBCKT OPAMP 12 3 


4 


* Model Inv NInv Out 


Com 


Rd 1 2 500kohm 




E 5 4 (1,2) -leS 




Ro 5 3 lOohm 




.ENDS OPAMP 




.AC DEC 250 lOOHz lOMegHz 




.PROBE 




.END 





Execute (Prb9_26.CIR) and use the Probe feature of PSpice to generate the gain magnitude plot (Mdb) and 
the phase plot (Phi) shown in Fig. 9-31. Notice that the phase angle plot begins to lag toward —90° at O.I/T2 
and then moves in a leading sense back to 0° at 10/ti. Thus, the lag-lead characteristic is exemphfled. 
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Supplementary Problems 



9.27 For the noninverting amplifier of Fig. 9-3, (a) find an exact expression for the voltage-gain ratio, and 
{b) evaluate it for = 1 kf^, ^2 = 10 kQ, R^^ = 1 kf2, and Aqi^ — —10'*. (c) Compare your result in part b 
with the value produced by the ideal expression (9.7). 

Ans. (a) A, = ^'r + r ' (A) 10.977; 

1 J 

(c) ^„ideai ~ for a +0.21% difference 



9.28 In the first-order low-pass filter of Example 9.9, R = 10 kQ, A, = 1 kQ, and C = 0.1 /nF. Find (a) the gain 
for dc signals, (b) the break frequency /i at which the gain drops off by 3 db, and (c) the frequency /„ at 
which the gain has dropped to unity (called the unity-gain bandwidth). 
Ans. (a) -10; (b) 159.2Hz; (c) 1583.6Hz 



9.29 The noninverting amplifier circuit of Fig. 9-3 has an infinite input impedance if the basic op amp is ideal. If 
the op amp is not ideal, but instead Rd= ^ Mf2 and Aq^^ — — 10*, find the input impedance. Let ^2 — 10 kQ 
and Ri = 1 kQ. Ans. 1 TQ 



9.30 Let Ri — R2 — Rj — 3Rfin the inverting summer amplifier of Fig. 9-4. What mathematical operation does 
this circuit perform? Ans. Gives the negative of the instantaneous average value 



9.31 An inverting summer (Fig. 9-4) has n inputs with R^ = R2 = R^ = ■ ■ ■ = R,, = R. Assume that the open- 
loop basic op amp gain Aqi^ is finite, but that the inverting-terminal input current is negligible. Derive a 
relationship that shows how gain magnitude is reduced in the presence of multiple inputs. 

u„ Rp/R 



Ans. 



{R+\)Ac 



For a single input vs\, the gain is ^1. For the same input together with n — 1 zero inputs v^i - 
Vs„ = 0, the gain is A„. But since Aqi^ < 0, \A„\ < \Ai \ for n > 1 



9.32 The basic op amp in Fig. 9-32 is ideal. Find v„ and determine what mathematical operation is performed by 
the amplifier circuit. Ans. v„ — (1 + R2/R[)(vs2 — Vs[), si suhtrSLCtor 




Fig. 9-32 
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9.33 Describe the transfer characteristic of the level-clamp circuit of Fig. 9- 16(a) if diode Z2 is shorted. 
Ans. Let Vz2 = 0 in Fig. 9-16(/5) 

9.34 Find the gain of the inverting amplifier of Fig. 9-33 if the op amp and diodes are ideal. 
Ans. A„ = -R2/Jii for > 0; A„ = -R3/R1 for vs < 0 




Fig. 9-33 Fig. 9-34 



9.35 The op amp in the circuit of Fig. 9-34 is ideal. Find an expression for in terms of vs, and determine the 
function of the circuit. Ans. v„ = (2/RiC) ^vgdt, a noninverting integrator 

9.36 If the nonideal op amp of the circuit of Fig. 9-35 has an open-loop gain Aqi^ — —10'', find 
Ans. 0.9999£,, 




Fig. 9-35 



9.37 How can the square-wave generator of Problem 9.11 be used to make a triangular-wave generator? 
Ans. Cascade the integrator of Fig. 9-6 to the output of the square-wave generator 

9.38 Describe an op amp circuit that will simulate the equation 3ui + 2v2 + = v„. 

Ans. The summer of Fig. 9-4, with Rp/R\ — 3, Rf/Ri ~ 2, and Rf/Ri ~ 1, cascaded into the inverting 
amplifier of Fig. 9-2, with Rf/R[ = 1 

9.39 The circuit of Fig. 9-36 (called a gyrator) can be used to simulate an inductor in active RC filter design. 
Assuming ideal op amps, find (a) the .v-domain input impedance Z(s) and {h) the value of the inductance 
that is simulated if C = 1 nF, R^ = 2kf2, Rj = 100 kf2, and R,^ R^^ lOkQ. 

Ans. (a) Z(s) = sRtR2R3C/R4; (6) 200mH 
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i?2 




Fig. 9-36 



9.40 For the double integrator circuit of Problem 9.14, if the output is connected to the input so that Vj = v^, an 
oscillator is formed. Show that this claim is so, and that the frequency of oscillation is/ = X/nRCYlz. 
[Hint: Replace K„ with F, in (1) of Problem 9.14 to get an expression of the form Vif(s) — 0.] 

9.41 In the logarithmic amplifier circuit of Fig. 9-7, u,, must not exceed approximately 0.6 V, or else i^, will not be 
a good exponential function oiv[). Frequently, a second-stage inverting amplifier is added as shown in Fig. 
9-7, so that v'„ is conveniently large. If the second-stage gain is selected to be A„ — —Rf/R^ — —1/ Vj, then 
its output becomes v'o = lni;,-. In the circuit of Fig. 9-7, Vd is exponential for 0 < ('o < 1 mA, 0 < ij, < 10 V, 
and /„ — 100 pA. Size R, Rp, and R^ so that d,' is as given above. 

Ans. R = \Omn; arbitrarily select R^ = 1 kQ, and then Rf = 38.46 kf2 

9.42 In the logarithmic amplifier of Fig. 9-24, let vg = 5 V, = lOV, = 1 kQ, R^ = 10kS2, R^ = 1 kQ., and 
R^ — 5QkQ.. The matched BJTs are operating at 25°C, with Vj — 0.026 V. Find {a) and (/;) Vo (see 
Problem 9.17). Ans. (a) -41.8mV; (h) -2.13 V 

9.43 Having at your disposal a logarithmic amplifier and an exponential amplifier, devise a circuit that will 
produce the quotient of two numbers. {Hint: x/y = e'°^~'"-*'.) Ans. See Fig. 9-37 



Logarithmic amplifier 




Logarithmic amplifier 



Fig. 9-37 



9.44 The unity follower of Fig. 9-13 is the noninverting amplifier of Fig. 9-3 if ^ oo and ^2 0. (a) Find 
the output impedance R^^^^ of the noninverting amplifier of Fig. 9-3 subject to the approximation = 0. 
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Model the op amp with the practical equivalent circuit of Fig. 9-l(a). (h) Let Ri ^ oo and ^ 0 in your 

answer to part a, to find the output impedance of the unity follower. 

Ans. (a) Aouo = + «2)/[^» + R2 + RiO - AolW, (b) i^out ^ " ^ol) 

9.45 The circuit of Fig. 9-28 is to be used as a high-pass filter having a gain of 0. 1 at low frequencies, unity gain at 
high frequencies, and a gain of 0.707 at 1 krad/s. Arbitrarily select C\ — = 0.1 /xF, and size R^ and R2. 
Am: A, = 100 kS2, R2 = lOkQ 

9.46 Find the transfer function for the circuit of Fig. 9-38, and explain the use of the circuit. 
Ans. T(s) = l/(sRC + 1), a low-pass filter with zero output impedance 



^1 




, I 

Fig. 9-38 Fig. 9-39 



9.47 For the circuit of Fig. 9-39, show that /„ — —(1 + R\/R2)Ii, so that the circuit is a true current amplifier. 
(Note that /„ is independent of R^) 



9.48 If the noninverting terminal of the op amp in Fig. 9-29 is grounded, find the transfer function Vo/Vj. 
(Compare with Problem 9.22.) Ans. v„/vi = —I 



9.49 Devise a method for using the inverting op amp circuit of Fig. 9-2 as a current source. 
Ans. Let If be the output current; then ip = ii = vs/Ri regardless of the value of Rf 



9.50 A noninverting amplifier with gain A„ = 21 is desired. Based on ideal op amp theory, values of Ri = 10k^2 
and R2 — 200 kf2 are selected for the circuit of Fig. 9-3. If the op amp is recognized as nonideal in that 
Aql = -10" and CMRR^,, = 40db, find the actual gain A„ = vjv2. Ans. A„ = 21.17 



9.51 Use SPICE methods to simulate the differential amplifier of Fig. 9-12. Let R^ — R — 10 kf^ for a unity gain. 
Use the op amp model of Section 9.12. Apply signals vgi — sin(2000jr<) V and vg2 ~ 2 sin(20007rr) V to show 
that the circuit is indeed a differential amplifier yielding v„ = vs2 — "vgi ~ sin(2000jr?) V. (Netlist code 
available from author's website.) 



9.52 Use SPICE methods to simulate the circuit of Fig. 9-36 with values of Problem 9.39. Apply a 1-kHz 
sinusoidal source and verify that the input impedance Z = 1256.7Z90° = j2;r(1000)(0.200) Q; thus, the circuit 
does, in fact, simulate a 200-mH inductor as predicted by Problem 9.39. (Netlist code available from author's 
website.) 
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10.1. INTRODUCTION 

A switched mode power supply (SMPS) is a dc-dc converter with an unregulated input do voltage and 
a regulated output voltage. The converter circuitry consists of arrangements of inductor, capacitors, 
diodes, and transistors. The transistors are switched between the ON state (saturation) and the OFF 
state (cutofi) at rates that typically range from 10 kHz to 40 kHz. Regulation of the output voltage is 
reahzed by control of the percentage of time that the transistor is in the ON state. The SMPS efficiency 
is significantly higher than that of the so-called linear power supplies that realize output voltage control 
by active region operation of the transistors. 

The material of this chapter will be limited to steady-state operation covering the common case of 
continuous inductor current. 



10.2. ANALYTICAL TECHNIQUES 

Although numerous circuit topologies exist for SMPS, certain analysis techniques are universally 
applicable. Clear understanding of the results significantly simplifies analysis of the various SMPS 
arrangements. Notation adopted for analysis uses lowercase v and i for instantaneous values and upper 
case V and / for average values (dc quantities). 

Inductor Voltage and Current 

Consider the current / flowing through the inductor L of Fig. lO-I(fl). If Vc changes insignificantly 
over an interval of interest (good approximation of C is sufficiently large) so that vc{t) ~ Vc, then 



~ dt 



(10.1) 



Whence, 



di = 



dt 



L 



0 
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' L 
— TJM^ 



or 




From (10.1) and (10.2), it is seen that the inductor voltage is constant and that the inductor current is a 
straight hne segment as shown by Fig. [0-l(h). 



Example 10.1. Let Vg = 0 and inductor current / have a nonzero initial value for the circuit of Fig. 10-l(i:()- 
Assume that vc changes insignificantly over the interval of interest, and determine the nature of and /. 
By KVL, 

vM^-Vc^L^^ (1) 



From (1), it follows that 



di = 



1,(0) 



dt 



dr 



(2) 



From (1) and (2) it is concluded that the inductor voltage is constant and that the inductor current is a straight line 
segment, as shown by Fig. 10- 1(f). 



Average Inductor Voltage 

Consider the case of an inductor L that carries a periodic current 1^(1), so that over a period T^, 
ij^(0) = iL(Ts)- The average value of inductor voltage is given by 



(vl) 



1 



1 



L — \dt = — 

dt / r. 



•l(T,) 



di, = 0 



iL(0) 



(70.5) 



As long as the inductor current ij^ is periodic, the average value of voltage across the inductor is zero. 
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Average Capacitor Current 



Consider the case of a capacitor C for whicli the capacitor voltage uc(0 is periodic over so that 
vc(Q) = vc(Ts). The average value of current through tlie capacitor is found as 



Icc 



1 



^' / dvr 



, C 

dt = — 



i'c(O) 



0 



{10.4) 



As long as the capacitor voltage is periodic, the average value of current through the capacitor is zero. 



10.3. BUCK CONVERTER 

The SMPS circuit of Fig. 10-2, known as a buck converter, produces an average value output voltage 
V2 = (V2) < Vi- The duty cycle D is defined as the ratio of the ON time of transistor Q to the switching 
period = l/fs (switching frequency). When the ideal transistor Q is ON, Vjj = V^. Conversely, when 
Q is OFF, continuity of current through inductor L requires that diode D be in the forward conducting 
state; thus, = 0 for the ideal diode. Thus, V[, is a rectangular pulse of dviration DT^ with period T^. 




® 

Fig. 10-2 Buck converter 

If capacitor C is large, reasonable approximations are that the time-varying component of flows 
through C and that the voltage across the load resistor is constant. Since Q is switched periodically, 
voltage Vj^ and current /(- are periodic once initial transients die out. 

As a consequence of the above approximations, and i^ can be appropriately determined by {10.1) 
and {10.2), respectively, when Q is ON and by (7) and (2) of Example 10.1 when Q is OFF. Figure 10-3 
displays the resulting waveforms for diode voltage V[,, inductor current i^, indvictor voltage v^, and 
capacitor current The positive volt-second area of Vj^ must be eqvial in value to its negative volt- 
second area so that [v^) =0. As a result of {10.4), current ic must be the time-varying component of 

Based on {10.3) and the Vj^ waveform of Fig. 10-3, 

{V,-V2)DT,= V2{\-D)T, 
Rearrangement gives the buck converter voltage gain as 

Gy = ^ = D {10.5) 

The common case of continuous current exists only if L is sized sufficiently large. Let L = L^., the 
critical inductance that results in marginally continuous i^. For this case, = 0 in Fig. 10-3. Since 
;^(0) = 0, application of {10.2) yields 

V, - V7 

'M = ^-i-^ t 0<t<DT, 
Evaluate for t = DT^ and use {10.5) to find 

,,,z,r.) = ,,... = i:^z>r, = M_£)Z^ 
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7-j (D+ 1)7-5 2Ts 

















DTs / (D + 1) Ts 

Fig. 10-3 Buck converter waveform 

For this triangular waveform, under the assumption that the ac component of flows through C and 
the dc component of flows through Ri^, 

_ 1 _ V2(l -D)T, 
^ " 2 " 2L, 

However, I2 = V2/ Rl which can be equated to the above expression for Rearrangement of the result 
gives 

, Rd^-D)T, Rd\-D) 



2/; 



{10.6) 



Example 10.2. A buck converter having a switching frequency of 25 kHz is to be operated with a duty cycle such 
that 0.1 < D < 1. The load is described by R^^ — 5 f2. Determine the value of critical inductance L = so that 
current is continuous. 

The critical inductance must be determined for the minimum value of duty cycle. By (10.6), 

RAi-D) (5)(1-0.1)^^^ 

ri3 ' ^ 



2fs 



2(25 X 10^ 



10.4. BOOST CONVERTER 



The boost converter SMPS circuit of Fig. 10-4 produces an average value output voltage 
V2 = (V2) > Kj. When the ideal transistor Q is ON, vq = 0. Conversely, when Q is OFF continuity 
of current through inductor L requires that ideal diode D be in the forward conducting state. With 



0,v. 



•q 



¥2- Thus, Vq is a rectangular pulse with a delay of DT, and duration (1 — D)T,. 



If capacitor C is large, reasonable approximations are that the time-varying component of flows 
through C and that the voltage across the load resistor R^ is constant. Due to periodic switching of Q, 
voltage Vi^ and current are periodic once initial transients die out. 
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+ H 



— wt 



® 

Fig. 10-4 Boost converter 



As a consequence of the above approximations, Vi^ and can be appropriately determined by {10.1) 
and {10.2) when Q is OFF and by (7) and (2) of Example 10.1 when Q is ON (replace Vc with — Fi). 
Diode current ijy must be equal to when 2 is OFF. Since load current I2 is the average value of ip, 
= ij) — I2. Figure 10-5 displays the resulting waveforms for vq, ij^, w^, ij^, and i^. 

Based on {10.3) and the Vj^ waveform of Fig. 10-5, 

ViDT, = {V2-Vi){l-D)T, 




t 




Fig. 10-5 Boost converter waveform 
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Rearrangement finds the ideal boost converter voltage gain as 

F, 1 

Unlike the buck converter, the boost converter gain is not a linear function of D. From (10.7), the ideal 
gain approaches infinity as D approaches 1. When parasitic resistances of the inductor and capacitor 
are considered, the actual gain (G'y) departs significantly from the ideal gain for values of D > 0.8. (See 
Problem 10.11.) 

The common case of continuous current ;^ exists only if the value of L > L^. (critical inductance) 
that results in marginally continuous conduction for Z^. For this case, = 0 in Fig. 10-5 and 
1^(0) = 0. By application of (10.2), 

iM = ^t 0<t<DT, 
Evaluate for t = DT^ and use (10.7) to find 

F, Vj(\ - D) 
idDT,) = io(DT,) = /„ax = 7^ DT, = DT, 

For the triangular ijy waveform, 

h = {Id) = \ /max = ^ " -^^'^^ 

But I-i = V2/ Rl, which can be equated to the above expression for After rearrangement, 

(1 - D)'DT,Rl (1-D)^DRl 
L. = 2 = 2fs ^''-'^ 



Example 10.3. A boost converter with a 20-kHz switching frequency is operating with a 50 percent duty cycle. 
The connected load is 7 Q. Determine the value of critical inductance so that current is continuous. 
By (10.8), 

(l-D)^DR.^(l-0.5)\0.5)(7)^^^^ 
2fs 2(20 X 10') 



10.5. BUCK-BOOST CONVERTER 

The SMPS circuit of Fig. 10-6 is a buck-boost converter. The value of output voltage for this 
converter may either be less than or greater than the input voltage, depending on the value of duty cycle 
D. Unlike the buck and boost converters, the buck-boost converter prodvices an output voltage with 
polarity opposite to input voltage F,. The polarity of i;2 and the direction of 72 in Fig. 10-6 are chosen 
so that F2 = {V2) > 0 and h > 0. 




® 

Fig. 10-6 Buck-boost converter 
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For a large value of capacitor C, reasonable approximations are that the time-varying component of 
ijj flows through C and that the voltage across Ri^ is constant. For periodic switching of Q, voltage 
and current /(- are periodic after initial transients subside. 

As a direct consequence of the preceding approximations, vj^ and can be appropriately determined 
by (10.1) and (10.2) when Q is ON (let Vc = 0) and by (7) and (2) of Example 10.1 when Q is OFF. 
Since load current I2 is the average value of ijy, ic = io — h- Figure 10-7 shows sketches of the resulting 
waveforms for v^, i^, ic, and ij). 





Fig. 10-7 Buck-boost converter waveforms 



Based on (10.3) and the waveform of Fig. 10-7, 

V,DT,= V2(\-D)T, 
Rearrangement gives the ideal buck-boost converter voltage gain as 

As with the boost converter, the buck-boost converter gain is not a hnear function of duty cycle D. 
Further, (10.9) shows that the ideal gain Gy approaches infinity as D approaches 1. When parasitic 
resistances of the inductor and capacitor are considered, the actual gain (Gy) departs significantly from 
the ideal gain for values of Z) > 0.75. (See Problem 10.14.) 

The common case of contimious current ;^ exists only if the value of L > L^. (critical inductance) 
that results in marginally continuous conduction for i^. For such case, = 0 in Fig. 10-7 and 
;^(0) = 0. By application of (10.2), 

'M = ^t 0<t<DT, 
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Evaluate for t = DT^ and use {10.9) to yield 



For the triangular waveform of Id, 



,. , 1 (1-^)7:, F2 2 
h = {'d) - 2 4,ax — ^ — " izr ^ ^ ^ ' 

But I2 = V2/ Rl which can be equated to the above expression for After rearrangement, 



Example 10.4. A buck-boost converter with a 30-kHz switching frequency is operating with D — 0.25. The 
connected load is described by = lOf^. Find the value of critical inductance so that is continuous. 
By {10.10), 

L^.J1^4^J1^^:^= 93.15, H 
2f, 2(30 X 103) 



10.6. SPICE ANALYSIS OF SMPS 

For simvilation of near ideal (lossless) SMPS, the switch element Q can readily be modeled using the 
PSpice voltage-controlled switch. The element specification statement for the voltage-controlled switch 
has the form 

S---«i «2 cx C2 vcs 

Any alpha-nvimeric combination suffix can follow S to uniquely specify the voltage-controlled switch. 
The nodes are clarified by Fig. 10-8. A fast rise and fall time (5 ns), 1-V pulse should be used for the 
control voltage vgyy. Accepting the defavdt ON state and OFF state control voltages of 1 V and 0 V, 
respectively, results in duty cycle ON time approximately equal to the pulse duration. For minimum 
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conduction losses, the ON state resistance of the voltage-controlled switch should be specified in the 
.MODEL statement by 

.MODEL VCS VSWITCH (RON= le-6) 



Example 10.5. Use SPICE methods to model the buck converter of Fig. 10-2; let D = 0.5, /j = 25kHz, 
L = 100 /xH, C = 50 /(xF, and i?^ = 5 Q. Generate the set of waveforms analogous to Fig. 10-3. 

The netlist code follows, where the initial conditions on inductor current and capacitor voltage were determined 
after running a large integer number of cycles to find the repetitive values. 



Exl0_5 . CIR 

* BUCK CONVERTER 

* D=DUTY CYCLE, fs=SWITCHING FREQUENCY 
.PARAM D=0.5 f s=25e3Hz 

VI 1 0 DC 12V 
SW 1 2 4 2 VCS 

VSW 4 2 PULSE (OV IV Os 5ns 5ns {D/fs} {1/fs}) 

L 2 3 lOOuH IC=0.6A 

D 0 2 DMOD 

C 3 0 50uF IC=6V 

RL 3 0 5ohm 

.MODEL DMOD D(N=0.01) 

.MODEL VCS VSWITCH (RON=le-6ohm) 

.TRAN 5us 0.2ms Os 100ns UIC 

. PROBE 

.END 



Execute {ExlO_5.CIR> and use the Probe feature of PSpice to plot the waveforms of Fig. 10-9. 
15 V-, 



I vD 

-10 V-^ 

a V(2) 




0 A-L 

0 I(L) 
10 Vt 



vL 



















-10 V-L 

a V(2,3) 
1.0 At -- 




0 s 100 us 200 us 

o 1(C) 

Time 



Fig. 10-9 
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Solved Problems 

10.1 A lossless buck converter supplies an average power of 20 W to a load with a regulated 12-V 
output while operating at a duty cycle of 0.8 with continuous inductor current. Find the average 
values of (a) input voltage and (b) input current. 

(a) By (10.5), 

(b) Since the converter is lossless, output power is equal to input power; thus, 

Vili =P„ = Pi„ 

or 

P 20 
7,=- = -= 1.333A 



10.2 A buck converter is connected to a 7 f2 load. Inductor L = 50 /xH and the switching frequency 
fs = 30 kHz. Determine the smallest value of duty cycle possible if the inductor current is 
continuous. 

Solve (10.6) for D to find 



10.3 Assume the buck converter of Fig. 10-2 is lossless so that the input power (/",„) is equal to the 
output power {P„). Derive an expression for the current gain Gj = /2//1. 

The input power and output power are found by use of (1.20). 

1 fT. 1 tT. 



1 f' 1 f'- 

s JO s JO 

Po^^l V2i2 dt = V2I2 — dt= V2I2 

Jo Jo 



(1) 



(2) 



Constant values for V2 and i2 were assumed in (2). Equate (1) and (2). Rearrange the result and use (10.5) 
to find 

G =^-1 = ^ = - 
' h V2 D 



10.4 A buck converter is fed from a 12-V do source. It supplies a regulated 5 V to a connected 5 S2 
load. The inductor current is continuous. Determine (a) the duty cycle and (b) the output 

power. 



(a) Based on (10.5), 



(b) By (1.23), 



F, 5 
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10.5 Sketch the source current ii and the diode current for the buck converter of Fig. 10-2 with 
continuous inductor current. 

When Q is ON, — i^^ and = 0. If 2 is OFF, = 0 and i[, = ii^. From these observations, the 
current /'i and i/j can be sketched based on Fig. 10-3. The results are shown in Fig. 10-10. 



Jj (D I 1) Tj 27"i 





Ts (D + 1) Ts ITs 



Fig. 10-10 



10.6 Determine a set of equations that describe the instantaneous inductor current iiij) over a period 
7", for the buck converter. 

Refer to /'^ and j;^ of Fig. 10-3. For 0 < / < DJ,, application of (10.2) gives 

For Dr, < t < T,, create a /'-coordinate frame with origin at t — DT, so that t' — I — DT,. In the t' frame, 
application of (2) from Example 10.1 yields 

'lU') = /max - 77 = /max " 7^ " -D^..) (2) 

To complete the work, expressions for /,„i,x and must be found. Evaluate {1} for t — DT^ io find 

ii,(DT,) = = /„i„ + ^' ~ DT, (i) 

Since (Z^) — 1^ = I2, and since the /^^ waveform of Fig. 10-3 is made up of straight line segments, 

/ -I- / ■ 

J 'max ' 'mm ' i 



Simultaneous solution of (3) and {4) result in 



where/; =1/7;. 



10.7 Find the maximum and minimum vakies of the inductor current for the buck converter of 
Problem 10.2 if the duty cycle D = 0.6 and = 24 V. 

Since D = 0.6 > i^niin = 0.4286, continuous inductor current is assured. Also, by (JO. 5), 

V2^DVi^ 0.6(24) = 14.4 V 
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By (5) and ((5) of Problem 10.6, 



Vi (Vi - V2)D ^ 14.4 (24 - 14.4)(0.6) ^ 

iJi"^ 2f,L 7 2(30 X 103)(50 X 10-«) 

{V,-V^)D ^UA (24-14.4X0.6) ^ . ,3., . 

Rl 1f,L 1 2(30 X 103)(50 X 10-6) 



10.8 For work to this point, the output vohage of the buck converter has been assumed constant 
{v2 — V2) for sufficiently large values of C; however, since ic is a time-varying quantity, V2 does 
display a small peak-to-peak ripple Av2- Use the change in capacitor charge (Qc), under the 
assumption that the time-varying component of ii flows through C, to calculate the voltage ripple 

Av2 for the case of continuous inductor current. 

Since V2 = Qc/C, the total increment in V2 is 

Av2 = AQc/C (J) 

The total increment in charge Qc is given by the half-period duration amp-second, triangle-shaped area of 
above I2 = II in Fig- 10-3. 

AQc = \{Im^-h)^ (2) 

Use I2 = V2/RL and (5) of Problem 10.6 in (2) and substitute the result into (7) to yield the peak-to-peak 
ripple voltage. 

1 /1\ (Ki - V2)D T, 

^''^ = cl2j^Z^T 

From (10.5), Vi = V2/D. Substitute into (i), use = l//j, and rearrange to find 



10.9 For the buck converter of Example 10.5, (a) calculate the percent voltage ripple by {4) of 
Problem 10.8 and (b) formulate a SPICE simulation to numerically determine the percentage 
ripple. 

(a) By {4) of Problem 10.8 with the values of Example 10.5 and using (10.5), 

^ = 100% = - 100% = 2% 

V2 ^.f}LC 8(25 X 10^)^(100 X 10-6)(50 x 10"'') 

(b) Execute {ExlO_5.CIR> and use the Probe feature of PSpice to plot V2 = V(3) with marked values shown 
in Fig. 10-11. Then, 

^^^ 6.064 + 5.943 ^^^^33 
Ai;2 = 6.064 -5.943 = 0.121 

The error in the two methods is much less than 1 percent. 



10.10 A boost converter with continuous inductor current is fed from a 12-V source with a 60 percent 
duty cycle while supplying a power of 60 W to the connected load. Determine (a) the output 
voltage, (b) the load resistance, and (c) the load current. 
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6.5 V 



4 .0 V-l 




(a) By (10.7), 



(h) Based on (1.23), 



(c) By Ohm's law. 



P„ 60 



K, 30 



' R, 15 



10.11 Let be the inherent resistance of the inductor L for the boost converter of Fig. 10-4 and derive 
an expression for the actual voltage gain (G'y = V2/V1) that is vahd for continuous inductor 
current. Treat V2 as constant in value. Assume that can be described by straight line segments. 



Figure 10-12(<3) represents the circuit of Fig. 10-4 with Q ON and D OFF from which KVL gives 



at 



{1) 



i, 



0<t< DT^ 
(a) 



1 www^ 








c ::: 





DTs <t<T, 



Fig. 10-12 
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The equivalent circuit of Fig. 10-12(6) is valid for Q OFF and D ON, yielding 

L^ + RJi,= Vi-V2 DT,<t<T, (2) 
Integrate both (i) and (2) over their time regions of validity to give 

L diL + R^\ dt=Vi \ dt (5) 

Ji,(0) Jo Jo 



Add {3) and {4) and divide by T, to find 



Jii(O) 

t'dT,) i-r, /.r, /.r, 

L di^ + Rx\ dt=Vi\ dl- V2 \ dt 

h,(DT,) iDT, JDT, JDT, 



(4) 



t'LiT,) J fT, y fDT, y ^T, 

diL + Rx7fr\ iLdt = ^\ dt--^\ dt 

JiiCO) Jo Jo -'s JDT, 



(S) 



If is periodic, ii(0) = iLiT^). Hence, the first term of (5) has a value of zero. The second term is 
R^iit) = Rxh- Thus, (J) can be written as 

RJl = Vi-(1-D)V2 (6) 

From the waveform sketch of Fig. 10-5, 



: = ^ [ kdt 
J^sSdt, 



Since ii^ is described by straight Une segments, it follows that 



I =_^ = _L (n 



Substitute (7) into (5) and rearrange to yield 



Vi Rx + Rdl-Bf 



10.12 Use SPICE methods to model the boost converter of Fig. 10-4 with f, = 20 kHz, D = 0.25, 
L = 50 /xH, C = 100 /xF, and Ri = 7.5 S2. From the model, generate a set of waveforms analo- 
gous to Fig. 10-5. 



The netUst code is shown below where the initial conditions on inductor current and capacitor voltage 
were determined after running a large integer number of cycles to find the repetitive values. 
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Prbl0_12 .CIR 

* BOOST CONVERTER 

* D=DUTY CYCLE , f s=SWITCHING FREQUENCY 
.PARAM D=0.25 fs=20e3Hz 

VI 1 0 DC 15V 
SW 2 0 4 0 VCS 

VSW 4 0 PULSE (OV IV Os 5ns 5ns {D/fs> {1/fs}) 

L 12 50uH IC=1.657A 

D 2 3 DMOD 

C 3 0 lOOuF IC=20.05V 

RL 3 0 7.5ohm 

.MODEL DMOD D{N=0.01) 

.MODEL VCS VSWITCH(RON=le-6ohm) 

. TRAN lus 0 . 25ms Os 100ns UIC 

.PROBE 

.END 



Execute (PrblO_12.CIR) and use the Probe feature of PSpice to plot the waveforms shown in Fig. 10-13. 
25 V-r-- - 



a V(2) 
6.0 A-r- 



fiL 

0 A-i 

a I(L) 
20 V-r 



-10 V- 



□ V(l,2) 



6.0 A- 



-0.0 A 



iD 



a 1(D) 




3.0 A 

SEL» I 
-3.0 A- 

0 s 100 us 200 us 300 us 

o 1(C) 

Time 




Fig. 10-13 



10.13 A lossless buck-boost converter with continuous inductor current supplies a load with a 
regulated output voltage of 15 V. The input voltage is 12 V. Determine the value of (a) duty 
cycle, (b) input power, and (c) average value of input current. 



(a) Solve (70.9) for D to find 



i) = -^ = ^ = 0.5555 
V1 + V2 12-1-15 



(b) Based on (1.23) for this lossless converter, 

''Rr~ 10 



T/2 

p.^ = P=-^ = = 22.5 W 
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(c) The average value of input current follows as 

P 22 5 
/,.^.-. 1.875 A 



10.14 If is the inherent resistance of the inductor L for the buck-boost converter of Fig. 10-6, derive 
an expression for the actual voltage gain {G'y = Vo/Vi) that is valid for continuous inductor 
current. Assume that is described by straight hne segments. 

The circuit of Fig. 10-14(a) represents the circuit of Fig. 10-6 with Q ON and D OFF. By KVL, 

L'^ + RJL^V^ 0<t<DT, (1) 




The circuit of Fig. 10- 14(A) is valid for Q OFF and D ON. Whence, 

+ R.'l = -vi DT,<t< r, (2) 

In similar manner to the procedure of Problem 10.11, integrate {!) and (2), add the results, and divide by 
to find 



Ts J,i(0) 



d'L + Rx ^ kdt = -^\ dt-—\ V, dt (i) 

J.t Jo J.t Jo JDT, 



For a periodic i^, the first term of (3) must be zero. Recognize the average values of and V2, respectively, 
in the second term on each side of the equation to give 

R,Il^DV,-(\-D)V,_ (4) 

From Fig. 10-14, 

Integrate, add, and divide by T, for (5) and (6). 

£ m{T,) \ 11 



-".t Ji)2(0) -".t JDT, " Jo 



I dt (7) 



The first term of (7) must be zero for periodic V2. Owing to the straight-line segment description of Z^, the 
first term on the right-hand side of (7) can be written as (1 — Z))//,. Recognize the average value of V2 in the 
last term. Thus, (7) becomes 

0 = (1 - - ^ (S) 
Rl 
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Solve (8) for 7^, substitute the result into (4), and rearrange to yield 

V2^ D(\-D)Rl 



10.15 By SPICE methods, model the buck-boost converter of Fig. 10-6 with f, = 30 kHz, D = 0.4, 
L = 70 jxH, C = 100 /LiF, and Ri = 10 S2. Use the model to generate a set of waveforms analo- 
gous to Fig. 10-7. 

The nethst code is shown below where the initial conditions on inductor current and capacitor voltage 
were determined after running a large integer number of cycles to find the repetitive values. 



PrblO_15.CIR 

* BUCK-BOOST CONVERTER 

* D=DDTY CYCLE , f S=SWITCHING FREQUENCY 
.PARAM D=0.4 fs=30e3Hz 

VI 1 0 DC 15V 
SW 12 4 2 VCS 

VSW 4 2 PULSE (OV IV Os 5ns 5ns {D/fs} {1/fs}) 

L 2 0 70uH IC=0.229A 

D 3 2 DMOD 

C 0 3 lOOuF IC=10.02V 

RL 0 3 lOohm 

.MODEL DMOD D{N=0.01) 

.MODEL VCS VSWITCH(RON=le-6ohm) 

. TRAN lus 0 . 166667ms Os 100ns UIC 

.PROBE 

.END 



Execute (PrblO_15.CIR> and use the Probe feature of PSpice to plot the waveforms of Fig. 10-15. 
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Fig. 10-15 
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Supplementary Problems 

10.16 Determine the smallest value of inductance that could have been used for the buck converter of Example 
10.5 and the inductor current remain continuous. Ans. L = L^ = 50/xH 



10.17 Find the values of I^^^ and for the buck converter of Example 10.5 if the value of Z, = = 50 /xH, as 
determined in Problem 10.16. Ans. /^ax = 2.4 A; /mm = 0 



10.18 Use the procedure of Problem 10.3 to find an expression for the current gain G/ = /2//1 for the ideal boost 
converter of Fig. 10-4. Ans. Gj = \ — D 



10.19 Use Problem 10.6 as a guideline to derive expressions for /^ax and /min shown on the boost converter 
waveforms of Fig. 10-5. 

K2 VxD V2 V,D 

10.20 The actual gain G'y for the boost converter with inherent inductor resistance was determined in Problem 
10.11. Determine the duty cycle D = Dp for which G'y has a maximum value. 

Ans. Dp = \-./RjRl 



10.21 Find an expression for the peak-to-peak ripple voltage of a boost converter. 

Ans. hv2 = DV2l{f,Ri^Q 



10.22 Execute (PrblO_12.CIR) of Problem 10.12 and plot V2 = V(3). From the plot, determine the peak-to-peak 
ripple voltage A«;2. Ans. Ai;2 — 0.383 V 



10.23 Determine the smallest value of inductance that could have been used for the buck-boost converter of 
Problem 10.15 and the inductor current remain continuous. Ans. L = L^ = 24 /xH 



10.24 The actual gain G'y for the buck-boost converter with inherent inductor resistance was determined in 
Problem 10.14. Determine the duty cycle D = Dp for which G'y has a maximum value. 

Ans. = 

10.25 Use the procedure of Problem 10.3 to find an expression for the current gain G/ = /2//1 for the ideal buck- 
boost converter of Fig. 10-6. Ans. G/ = (1 - D)/D 



10.26 Show that the expressions for /^ax and /min shown on the buck-boost converter waveforms of Fig. 10-7 are 
identical to those determined for the boost converter in Problem 10.19. 



10.27 Execute (PrblO_15.CIR) of Problem 10.15 and plot V2 = -V(3). From the plot, determine peak-to-peak 
ripple voltage At)2. Ans. At)2 ~ 0.153 V 
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Bipolar junction transistors (BJT), 70-102 
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common-base terminal characteristics of, 71 
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Bipolar junction transistors (BJT) {continued) 
dc load lines in, 78-81 
high-frequency hybrid-:7r model for, 232-234 
nonlinear-element stabilization of, 139-140 
shunt-feedback bias in, 138 
SPICE model for, 72-76 
stability-factor analysis in, 139 
symbols for, 70 

temperature effects in, 136-138 
Bode plot, 227-229 

asymptotic, 229 
Boost converter, 290-292 
Break frequency, 228 
Buck converter, 289-290 
Buck-boost converter, 292-294 
Btififer ampUfier, 269 
Bypass capacitors, 82, 229-231 

Capacitance, 1 

depletion, 33 

diffusion, 33 

Miller, 235-236 
Capacitor current, 289 
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in bipolar junction transistors, 82 

bypass, 82, 229-231 
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Cathode, 30, 115 
Cathode bias, 132 
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Circuit analysis, 1-15 
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network theorems in, 4-8 

SPICE elements in, 2-3 

steady-state, 4 
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Clipping circuits, 44 
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Common-base (CB) amplifier, 170-171 
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Common-base (CB) transistor, 71 
Common-collector (CC) amplifier, 99, 165, 171-172 
Common diode, 30 

Common-drain (CD) amplifier, 200, 202 
Common-emitter (CE) amplifier, 168-170 
Common-emitter (CE) transistor, 71-72 
Common-emitter (CE) hybrid parameter, 164 
Common-emitter (CE) transistor connection, 163-164 
Common-gate (CG) amplifier, 200, 203 
Common-grid amplifier, 224 
Common-mode gain, 260 
Common-mode rejection, 268 
Common-mode rejection ratio, 260-261 



Common-source (CS) amplifier, 200, 201-202 
Common-source (CS) JFET, 103 
Conductance, 1 

Constant-base-current bias, 136-137 

Constant-emitter-current bias, 137-138 

Constants of proportionality for dc currents, 77 

Control grid, 115 

Controlled current source, 2 

Controlled voltage source, 2 

Converters: 

boost, 290-292 

buck, 289-290 

buck-boost, 292-294 
Corner frequency, 228 
Coupling capacitors, 82, 229, 231-232 
Critical inductance, 289 
Current: 
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KirchhoflPs law of, 3 

sources, 2 
Current-gain ratio, 227 
Cutoff, 77 

high-frequency point, 232 

low-frequency point, 229 
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in bipolar junction transistors, 78-81 

in diodes, 38 

in JFETs, 107-109 

in vacuum triode amplifiers, 117 
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DC voltage source, 2 
Darlington transistor pair, 92 
Default transistor model, 73, 74 
Dependent current source, 2 
Dependent voltage source, 2 
Depletion capacitance, 33 
Depletion-enhancement-mode MOSFET, 128 
Depletion-mode MOSFET, 111 
Difference amplifier, 195 
Differential amplifier, 268 
Differentiating amplifier, 262 
Diffusion capacitance, 33 
Diodes, 30-69 

definition of, 30 

ideal, 30-31 

light-emitting (LED), 66 
rectifier, 30 
reference, 46 
varactor, 69 
Zener, 46-48 

(See also Semiconductor diodes) 
Drain characteristics: 

of JFET, 103 

of MOSFET, 111 
Drain-feedback bias, 114 
Driving-point impedance, 5 
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Dynamic load line, 36 
Dynamic resistance of diode, 38 

Effective value, 14 
Element: 

active, 2 

circuit, 1-2 

passive, 1 

SPICE, 2-3 
Element specification statement, 3 
Emitter-follower (EF) amplifier, 99, 165 
Enhancement-mode operation. 111 
Equivalent circtxits: 

for BJT, small signal, 163, 164 

for FET, small signal, 200-201 

hybrid-jT, 233 

for semiconductor diodes, 38^0 
tee, 166-167 
Exponential amplifier, 278 

Feedback resistor, 259 

Field-elfect transistors (FET), 103-117 

amplifiers, small-signal midfrequency, 200-205 
high-frequency model for, 234-235 
insulated-gate (IGFET), 110 
junction (see Junction field-eflFect transistor) 
metal-oxide-semiconductor (see Metal-oxide- 
semiconductor field-effect transistor) 
Q-point-bounded bias for, 140-141 
SPICE model of, 105-107, 111-114 

Filter(s): 

application in operational amplifiers, 264 

band-pass, 226 

high-pass, 229-230 

in semiconductor diodes, 42 

low-pass, 264 
Filtering, waveform, 42-44 
Fixed bias, 156 
Forward-biased diode, 30 
Forward current, 30 
Forward current gain: 

in common-base (CB) connection, 165 

in common-collector (CC) connection, 182 

in common-emitter (CE) connection, 164 
Frequency: 

P cutoff, 249 

break or comer, 228 

response, 227 

transfer function, 227 
Frequency effects in amplifiers, 226-238 

Bode plots, 227-229 

of bypass and coupling capacitors, 229-232 

high-frequency FET models, 234-235 

high-frequency hybrid-jr BJT model, 232-234 

Miller capacitance, 235-236 

response, 227-229 

response using SPICE, 236-238 



Frequency modulation transmitter, 69 
Full-wave rectifier, 40 

Gain ratio, 227 

Generic transistor model, 73, 75 
Graphical circuit analysis: 
of JFET, 110 

of semiconductor diodes, 35-38 
Grid bias Une of triode amplifier, 116, 132 
Grid characteristics of vacuum triodes, 115-116 
Grids in vacuum tubes (triodes), 115, 116 
Gyrator, 284 

h (or hybrid) parameters, 8 
Half-cycle average value, 14 
Half-wave rectifier, 40 
High-frequency region, 232 
High-pass filter, 229-230 
Hybrid (or h) parameter(s), 8 
CE, 164 

models in BJT amplifiers, 163-166 
Hybrid-;r BJT model, high-frequency, 232-235 

Ideal current source, 2 
Ideal diode, 30-31 
Ideal voltage source, 2 
Impedance(s): 

driving-point, 5 

match or change, 168 

reflection rule, FET amphfier, 210 
Inductance, 1 

critical, 289 
Inductor current, 287-288 
Inductor voltage, 287-288 
Input characteristics: 

of common-base (CB) connection, 71 

of common-emitter (CE) connection, 72 

of vacuum triodes, 116 
Input resistance: 

in corrmion-base (CB) connection, 165 

in common-collector (CC) connection, 182 

in common-emitter (CE) connection, 164 
Instantaneous power, 14 
Instantaneous values, 13-15 
Integrating amplifier, 262-263 
Inverse log amplifier, 278 
Inverse mode of transistor operation, 77 
Inverting adder, 261 
Inverting amplifier, 259-260, 261 
Inverting differentiator, 262 
Inverting input operational amplifier, 258 
Inverting integrator, 262 
Inverting summer amplifier (adder), 261 

Junction field-effect transistor (JFET), 103-110 
bias line of, 107-109 

bipolar junction transistor compared vnth, 104 
in common-source (CS) connection, 103 
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Junction field-effect transistor (JFET) (continued) 
construction of, 103 
graphical analysis for, 110 
load line of, 107-109 
^-channel and p-channel, 103 
shorted-gate parameters of, 104 
SPICE model of, 105-107 
symbols for, 103-104 
terminal characteristics of, 103-105 

KirchhoflTs current law, 3 
KirchhoflPs voltage law, 3 

Lag network, 228 
Law(s): 
circuit, 3 

KirchhofFs current and voltage, 3 

Ohm's, 1 
Lead network, 228 
Level clamp, 271 
Level-discriminator circuit, 68 
Light-emitting diode (LED), 66 
Limiter circuit, 272 
Linear controlled source, 2 
Linear mode of transistor operation, 77 
Linear network, 4 
Load line: 

ac, 82 

dc, 38, 117 

diode, 35-38 

dynamic, 36 

JFET, 107-109 

MOSFET, 114-115 
Logarithmic amphfier, 263 
Low-frequency region, 229 
Luminous intensity, 66 

Maximum symmetrical swing, 87, 95 
Metal-oxide-semiconductor field-effect transistor 
(MOSFET), 103, 110-115 

bias of, 114 

construction of, 110 

depletion-mode operation of, 114, 128 

enhancement-mode operation of, 114, 128 

insulated-gate, 110 

load line of, 114-115 

SPICE model of, 111-114 

symbols for, 1 10 

terminal characteristics of, 1 10-1 1 1 
Midfrequency BIT amplifiers, 163-174 
Midfrequency range, 163 
Miller capacitance, 235-236 

w-channel transistor, 103 
Negative-impedance converter (NIC), 276 
Network(s): 

lag, 228 

lead, 228 



Network(s) (continued) 

linear, 4 

theorems, 4-6 

two-port, 8-13 
Network phase angle, 227 
Noninverting amplifier, 260 
Noninverting input operational amplifier, 258 
Nonlinear-element stabiUzation, 139-140 
Norton's theorem, 6 

Ohm's law, 1 

Open-circuit impedance (or z) parameters, 8 
Operational amplifiers, 258-267 

common-mode rejection ratio in, 260-261 

definition of, 258 

differential, 268 

differentiating, 262 

exponential, 278 

filter applications in, 264 

function generators in, 264—265 

ideal, 258-259 

integrating, 262-263 

inverse log, 278 

inverting, 259-260 

logarithmic, 263 

noninverting, 260 

practical, 258-259 

signal conditioners in, 264-265 

SPICE model of, 265-267 

summer, 261-262 

unity follower, 269 
Output admittance: 

in common-base (CB) connection, 165 

in common-collector (CC) connection, 182 

in common-emitter (CE) connection, 164 
Output characteristic: 

of common-base (CB) connection, 71 

of common-emitter (CE) connection, 72 

of JFET, 103 

of vacuum triodes, 116 

p-channel transistor, 103 
Parameter(s): 
hybrid (or h), 8 

open-circuit impedance (or z), 8 

variation analysis of, 141-143 
Parameter conversion, 167-168 
Passive elements, 1 
Passive sign convention, 26 
Perveance, 116 
Phase shift of signals, 168 
Phase-splitter circuit, 222 
Piecewise-linear techniques, 38 
Pinchoff, 103 
Pinchoff voltage, 104 
Plate characteristic of vacuum triode, 116 
Plate resistance, 207 
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Port, 5 

Power amplification, 168 

Power supplies {see Switched mode power supplies) 
Power transfer abiKty, 168 

2-point (see Quiescent point) 
Quiescent point ( 2-point): 

of bipolar junction transistors, 78 

bounded bias, 140-141 

of diodes, 38 

j--parameter model, 166-167 
Rectifier circuits, 40-42 

full-wave, 40 

half-wave, 40 
Rectifier diode, 30 
Reference diode, 46 
Resistance, 1 

base-emitter-junction, 233 

dynamic, 38 
Reverse-biased diode, 30 
Reverse current, 30 
Reverse voltage ratio: 

in common-base (CB) connection, 165 

in common-collector (CC) connection, 182 

in common-emitter (CE) connection, 164 
Ripple factor, 42 

Root-mean-square (rms) values, 13-15 

Saturation, 77 
Saturation voltage, 259 
Self-bias, 118 

Semiconductor diodes, 30-69 

clipping and clamping operations of, 44—46 
dynamic resistance of, 38 

equivalent-circuit analysis of, 38—40 
graphical analysis of, 35-38 
ideal, 30-31 

in rectifier circuits, 40^2 

SPICE model of, 33-35 

terminal characteristics of, 32-33 

waveform filtering and, 42-44 

Zener, 46^8 

(See also Diodes) 
Sensitive variable, 141 
Sensitivity analysis, 139, 141-143 
Shorted gate parameters, 104 
Shunt-feedback bias, 138 
Sinusoidal steady-state, 4 
Small-signal equivalent-circuit models, 163 
Small-signal midfrequency BIT amplifiers, 163-174 

common-base (CB) analysis, 164-165, 170-171 

common-base (CB) transistor connections in, 
164-165 

common-collector (CC) analysis, 165, 171-172 
common-emitter (CE) analysis, 163-164, 168-170 
common-emitter (CE) transistor connections in, 
163-164 



Small-signal midfrequency BIT ampUfiers (continued) 

hybrid-parameter models of, 163-166 

measures of goodness, 168 

parameter conversion in, 167-168 

SPICE analysis of, 172-174 

tee-equivalent circuits in, 166-167 
Small-signal midfrequency FET amplifiers, 200-205 

common-drain (CD) analysis, 200, 202 

common-gate (CG) analysis, 200, 203 

common-source (CS) analysis, 200, 201-202 

equivalent circuits in, 200-201 

rules of impedance and voltage reflection for, 210 

SPICE gain calculations of, 203-205 
Small-signal techniques, 38 
Source bias, 133 
Source-drain resistance, 201 
Source-follower amplifier, 200, 202 
SPICE elements, 2-3 
SPICE model: 

of BIT, 72-76 

of diode, 33-35 

FET amplifier gain calculation with, 203-205 
frequency response in amplifiers using, 236-238 
of JFET, 105-107 
of MOSFET, 111-114 
of op amps, 265-267 

parameter variation analysis with, 141-143 
of small-signal midfrequency BIT amplifiers, 
172-174 

of switched mode power supplies, 294-295 
Stability factor analysis, 139 
Stable system, 227 
Steady state, 4 

dc, 4 

sinusoidal, 4 
Steady-state circuits, 4 
Substrate, 110 
Subtractor amplifier, 268 
Summer amplifier, 261-262 
Superposition theorem, 4 
Svntched mode power supplies, 287-295 

analytical techniques of, 287-289 

boost converters in, 290-292 

buck converters in, 289-290 

buck-boost converters in, 292-294 

definition of, 287 

SPICE analysis of, 294-295 
Switching period (frequency), 289 

Tee-equivalent circuit, 166-167 
Theorem(s): 

network, 4-6 

Norton's, 6 

superposition, 4 

Thevenin's, 5 
Thevenin's theorem, 5 
Threshold voltage, 110 
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Transconductance, 201, 207 
Transfer bias line, 108 
Transfer characteristic: 

of common-base (CB) connection. 71 

of common-emitter (CE) connection, 72 

of JFET, 105 

of MOSFET, 1 1 1 

in semiconductor diode, 44 
Transfer function(s), 227 

current-gain ratio, 227 

frequency, 227 

voltage-gain ratio, 227 
Transfer graph, 44 
Transistor models, 73-75 
Transistors: 

bias considerations in, 136-143 

operating modes of, 77 

unipolar, 103 

(See also Bipolar junction transistors; Field-effect 
transistors) 
Triode amplifiers, 205-207 
Triodes, vacuum, 115-117 

bias of, 115-116 

construction of, 115 

symbols for, 115 

terminal characteristics of, 115 
Tubes, vacuum, 115 
Two-port network, 8-13 



Unipolar transistor, 103 

Unity follower amplifier, 171, 269 

Unity-gain bandwidth, 283 

Vacuum triodes (see Triodes, vacuum) 
Vacuum tubes, 115 
Varactor diode, 69 
Virtual ground, 268 

Voltage: 

KirchholFs law of, 3 

reflection rule, FET amplifier, 210 

saturation, 259 

(See also entries beginning with the term Voltage) 
Voltage amplification, 168 
Voltage divider, 107 
Voltage-gain ratio, 227 
Voltage regulation: 

adjustable-output, 272 

in diodes, 40 
Voltage sources, 2 

Waveform filtering, 42-44 
Worst-case analysis, 142 

z (or open-circuit impedance) parameters, 8 
Zener diode, 46-48 



